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The potential usefulness ofsgas additives in lubricating oils and as coatings under fretting
conditions is demonstrated by tribological techniques. 1897 American Institute of Physics.
[S1063-785(17)00108-7

The discovery of fullerenésas stimulated research into were as follows: amplitude 150m, frequency 500 min',
various aspects of these materials. However, information onormal pressure in tests with lubricants 4.2 MPa and without
the tribological properties is very scarce and applies mainijubricants 3.2 MPa, and each specimen was tested over
to the G fullerene. Several published studies have investi-250 000 cycles. At least three specimens of the same type
gated G, fullerene as a solid lubricant filif and also as were tested under the same conditions.
additives to liquid lubricant8. A series of tests were carried out on St20 steel and

The use of various modified fullerenes as antifriction LaZh-60 brass specimens with St20 cylinders, using lubricat-
coatings, solid lubricants, and additives to lubricating oilsing oil and grease with added fullerengy@nd preliminary
has been reported in several patents. tests on @ coatings were also carried otifThe wear of the

A particular form of damage to solids accompanyingspecimens and cylinders was determined by weighing to
sliding friction is fretting wear? Fretting is typically ob-  within 0.1 mg before and after the tests.
served for nominally fixed structural membéfsr example, The lubricants used were industrial I-40A oil and
at points where components are attaohadd generally oc- Litol-24 grease, to which g was added in powder form by
curs as a result of vibrations which lead to different vibra-mechanical mixing. The nonuniform distribution of the
tional relative displacements of the contacting bodies. Fretfullerene particles in the lubricant is clearly one reason for
ting is frequently accompanied by chemical processes at the
friction surfaceg(fretting corrosion.*>**A characteristic fea-
ture of fretting, unlike other forms of sliding friction, is the
small amplitude of the relative displacements of the contact
ing bodies, comparable with the spacing between the tips ¢
the microroughness points on the friction surface, which ﬂ
makes it difficult to remove the wear products from the con- 201
tact zone. The wear products then begin to act as an abrasiv =~
causing further wear. In many cases, the cyclic nature of th
fretting reduces the fatigue strength of the contacting bodies
resulting in fatigue damage. Thus, the mechanisms respol
sible for fretting wear are very diverse and the various com:
binations of these under real conditions make it difficult to
study and select “antifretting” protection measures. 0.5

Here we present the first results of phenomenologica 1
investigations of g, fullerene as a material to prevent fret-
ting wear under sliding friction. ]

The G fullerene (96—98% purg was prepared in the Y l—m
laboratory of Professor V. P. BudtgvKhromotron™ project ]
of the Russian scientific-technical program “Fullerenes anc e 1.0+ —T
Atomic Clusters’). £

The specimens were tested for fretting wear by the pro
cedure laid down in GOST 23.211-8Bef. 14 using a spe-
cial “FK” system attached to a standard SMTs-2 friction 0.0
machine. The fixed surface — specimen — was a disk, 3! 1 2 3
mm in diameter and 7.5 mm thick. The moving surface was  .g 54 L =
a hollow cylinder with outer and inner diameters of 25 and
20 mm, respectively, whose en@dnnulaj surface was in
contact with the flat surface of the specimen. The cylindefF!G. 1. Wear of steel specimefispper diagramand steel cylinderdower

. . - . : :« diagram: 1 — without lubricant,2 — 1-40A lubricant, 3 — |-40A with
undergoes cyclic rotational vibrations about its own axis., -, Go. 4— Litol-24, and5 — Litol-24 with 2.5% Gy... A negative wear

Different loads are applied to the cylinder along the aXiS_to\lalue indicates that some of the debris particles are transferred to the cylin-
create a normal pressure at the contact. The test conditiomsr.
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Tests carried out on brass specimens withggddating

51 . applied, showed that at a normal pressure of 4.2 MPa the
specimens without any lubricant or coating exhibited binding
- 41 and the rotation of the cylinder was visibly slowed. It was
E 3. therefore necessary to reduce the normal pressure for the
= tests under dry friction conditions to 3.2 MPa. For a coated
g 2 LAZh60 specimen, no slowing of the cylinder was observed,
which indicated that no binding occurred in the initial period
1 of fretting. The wear of the coated brass sample was approxi-
0 __I~+*. mately a third that of the uncoated sample under dry friction,
1 2 3 4 5 6 no copper was transferred to the cylinder, and no traces of
binding were observed on the friction track. This suggests
that these coatings are effective as solid lubricants, particu-
0.4 ' r larly when it is structurally difficult to supply liquid lubricant
to the friction site.
© 00 | To conclude, these investigations have shown that it is
E 1 2 3 4 5 6 effective to use g, as additives to lubricating oils and also
§“ 0.4 as coatings under fretting conditions.
= ' This work was carried out as part of the Russian
L & Scientific-Technical Program “Fullerenes and Atomic Clus-
-0.81 ters” (“Tribol” project).
L W
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FIG. 2. Wear of brass specimeqgpper diagramand steel cylinderfiower ~ The coatings were applied in the laboratory of Professor A. Ya. Vul'.
diagram: 1 — without lubricant,2 — [-40A lubricant, 3 — |-40A with
2.5% Gy, 4 — Litol-24, and5 — Litol-24 with 2.5% G,; 6 — Cgo coating
on brass specimen under dry friction.
1A, V. Eletskii and B. M. Smirnov, Usp. Fiz. Nauk632), 33 (1993
[Phys. Usp36, 202(1993].
2B. Bhushan, D. K. Gupta, G. W. Van Cleef al, Tribol Trans.36, 573

the large spread of the experimental datp to 20%. 3f319§g- D K. Gusta G. W. Van Cleef al. Aopl Phve. Leti62
The test resultgas averages of the wear values for each 3'253&29%”' -1 Bupta, & W van Lieet al, Appl. Fhys. LetLos

series of specimensplotted as histograms in Figs. 1 and 2, “g. k. Gupta and B. Bhushan, Lubr. Engi60, 524 (1994).

show that using I-40A lubricating oil appreciably reduced °K. Shigematsu and K. Ab®reparation of Hydrogenated Fullerengapa-

the fretting wear compared with unlubricated specimens, "ese Patent No. 05-229966, 02-25-92. _
ticularly for the brass specimens. When this lubricatin H. Higashihara and K. Shigematsuylanufacture of Fluorinated

pgr icularly S p : g Fullerenes Japanese Patent No. 06-24720, 07-06-92.

oil was used on the friction track, there were no traces of7k. shigematsu and K. Abéjydrogenated Closed-Structure Fullerene and

binding and transfer of copper to the cylinder, which were its Preparation Japanese Patent No. 05-117174, 09-05-91.

. aratio . 209k
observed for dry friction. By using this lubricating oil with M- Taniguchi, Y. Tomioka, N. Kumegava, and M. Isibashijbricants
y y 9 9 Japanese Patent No. 05-179269, 12-27-91.

added Gy, the wear of the SpeCim?ns was reduced by asp o paii, G. W. Schriver, and R. D. Lundberigsbe Oil Compositions
further 20—30% and that of the cylinders was reduced by Containing Fullerene-Grafted PolymersUS Patent No. 5,292,444,

50% compared with the lubricating oil with no fullerenes 10-02-92.
added 1A, 0. Patil, G. W. Schriver, and R. D. Lundbefllerene-Grafted Poly-

. . mers and Process for Their Preparatiot)S Patent No. 5,292,813,
Unexpected results were obtained for the Litol-24 10.2.92. P

grease. For steel samples the wear with this lubricant wa8p. G. Bekiarian, P. J. Fagan, and P. J. Krusdyclofluoroalkylated
even higher than that under dry friction, and some of thelzglglgq?gg nggggndSJ_S Piter\l,tvNo. F?382,718, 03—016—93. Vethod
. . i . - nsuring the Wear Resistance o omponents. Metho
wear dek_)rls was transferred to _the cyllnder. For brass Sp_eCI of Testing Materials for Fretting Wear and Fretting Corrosion

mens, Litol-24 was less effeC“_Ve than the |Ub”_Cat|ng 0il, 13N, L. Golego, A. Ya. Alyabev, and V. V.. Shevely&retting Corrosion of
which may be attributed to its high viscosity and inadequate Metals[in Russian (Tekhnika, Kiev, 1974

mechanical stability under shear deformation conditions.R- B. WaterhouseFretting Corrosion (Pergamon Press, Oxford, 1972;
However, the addition of & to this lubricant reduced the ashinostroenie, Leningrad, 1976

wear compared with that with no additive. Translated by R. M. Durham
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Thin-film electroluminescent emitters on rough substrates
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For thin-film ac electroluminescent emitters prepared on rough glass substrates in combination
with the use of a layer of liquid-crystal insulating composite, a twofold increase has

been observed in the emission brightness as compared with the usual emitters prepared on
smooth substrates. @997 American Institute of Physid$$1063-785(1®7)00208-5

A topical problem in the development of thin-film elec- have shown that a nonuniform electric field distribution in
troluminescent emitters and indicators based on them, utilizthe electroluminescent layer also exists in thin-film electrolu-
ing the effect of prebreakdown luminescence, is to enhancminescent emitters with a composite liquid insulator, where
the brightness, particularly of the blue and redthis field is concentrated in local regions of contact between
luminescencé.Various designs of electroluminescent emit- the filler grains of the composite liquid insulator and the
ters have been proposed to enhance the luminescence brigktectroluminescent layér This reduces the required aver-
ness by increasing the radiation yield from the electrolumi-age threshold strength of the electric field in the electrolumi-
nescent structure, including those with a rough substrateescent layer at which luminescence is initiated as compared
surface on which layers of electroluminescent emitter arevith ordinary thin-film electroluminescent structures. If
deposited and those with microroughness points on the surthe structures of an electroluminescent emitter with a rough
face of the transparent electrotin these structures the in- substrate and a layer of composite liquid insulator are
crease in the radiation yield may be influenced not only bymatched, an increased degree of nonuniformity of the elec-
purely optical effects but also by the nonuniform distributiontric field in the electroluminescent layer should be expected,
of the electric field in the electroluminescent layer. Studiesvhich may further enhance the radiation yield. In order

logB v
31 2
’/—o-’—"s
4
2
1 a
o1

{ 200 50 600 av FIG. 1. Brightness—voltage characteristics of electrolumi-
nescent emitters: a -6.=40 um, b —d.,=100um, 1, 3
— on rough substrate ar 4 — on smooth substraté; 2

logB %5 — f=5kHz and3, 4 — f=1 kHz.
* 3
q
1
b
0

200 [Tefe] 600 uv

577 Tech. Phys. Lett. 23 (8), August 1997 1063-7850/97/080577-03%$10.00 © 1997 American Institute of Physics 577



logB ited microroughness of height and linear dimensions of the
order of 1 um, uniformly distributed over the surface. The
surface resistivity of the transmitting electrode on the smooth
substrates was 10Q/0 and that on the rough substrates
was 1000Q/0.

Brightness—voltage characteristics of the MSCM struc-
ture on rough and smooth substrates were obtained by excit-
y ing the structures with a sinusoidal voltage at frequencies of
1 kHz and 5 kHz. The sinusoidal voltage source was a G3-
56/1 generator with a step-up transformer. The brightness of
the electroluminescent structures was measured with a
YaRM-3 light meter.

A comparison between the brightness—voltage character-
istics of the electroluminescent structuf@sg. 13 indicates
that for similar threshold voltagegat brightness B
=1 cd/n?) the maximum brightness of the luminescence in
the saturation range of the brightness—voltage characteristic
is twice as high for the electroluminescent structure on the
rough substrate compared with the smooth at a frequency of
5 kHz, the respective maxima being 1445 ctl/end 720
cd/m?. At a frequency of 1 kHz, these maxima are more than
twice as high, 560 cd/fand 246 cd/r, respectively. The
brightness-voltage characteristic of the electroluminescent
structure on the rough substrate also exhibits a steeper slope
compared with that for the smooth substrate. As the thick-
ness of the composite liquid insulator layer is increa$ed.
1b), the difference between the threshold voltages for the
electroluminescent structures on the rough and smooth sub-
b strates becomes larger and is of the order of 60—70 V at
5 kHz and 90-100 V at 1 kHz. The brightness—voltage char-
acteristics of the electroluminescent structure on both the
. smooth and the rough substrate do not have a clearly defined
“ logf transition from abruptly increasing to saturation, which is

. _ typical of thin-film MISIM electroluminescent structures.
FIG. 2. Brightness of electroluminescent structures versus frequency: a —
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d,=40 um, b — d,=100 um, 1, 3 — on rough substrate, 4 — on F:urves of the brightned3 as gfunctlon of the frequgncy
smooth substratel, 2 — in saturation section of brightness—voltage char- f (Figs. 2a and 2bfor electroluminescent structures with an
acteristic, and, 4 — on increasing section of characteristic. insulator thicknessl.=40 um indicate that the section of

abruptly increasing characteristic for the electroluminescent

structure on a rough substrate typically shows linear behav-
to check out this supposition, investigations were maddor of B(f) (exponenta;=1) whereas for the structure on
of metal—semiconductor—composite-liquid-insulator— the smooth substrate, this curve is sublinear witk-0.6. In
metal (MSCM) electroluminescent structures deposited onthe saturation section of the characteristic the slope of the
ordinary smooth and rough glass substrates. Here M is theurves plotted in logarithmic coordinates, IBgversus logdf,
first transparent SnQelectrode 0.2—0.2m thick and a sec- is almost the same for both electroluminescent structures and
ond clamped metal electrode with micrometer-regulatedcorresponds to an exponemni;~2/3, which agrees with
movement accurate to withitt5 um, S is a ZnS:Mn(0.5% the results of studies of electroluminescent structures with a
by weighd electroluminescent layer 1.2—14m thick, and  composite liquid insulator reported in Ref. 5. It can be seen
C is a layer of composite liquid insulator consisting of afrom Fig. 2b that as the thickness of the insulator layer is
mixture of PFMS-4 silicon-organic liquid and a barium titan- increased ta.= 100 um, the exponent; for the electrolu-
ate BaTiQ powder filler with a grain size of 1.5-3.4m.  minescent structures on rough and smooth substrates be-
The filler concentration in the composite liquid insulator iscomes almost the same and -4s0.25 for the section of
approximately 40% by volume. The Sp@ansparent elec- abruptly increasing characteristic and).55 for the satura-
trode was fabricated by the hydrolysis of stannic chloridetion section, respectively.
The phosphor layer was deposited by vacuum thermal The increase in the maximum brightness of the electrolu-
evaporation in a quasiclosed volume and the composite ligminescent structure on the rough substrate compared with
uid insulator was applied in paste form. Rough substratethe smooth may be attributed to a local rise in the electric
were obtained by chemical etching of a smooth substrate ifield strength in the electroluminescent layer. Other factors
hydrofluoric acid. The results of measurements using amay be a microlens pattern formed on the substrate and a
MII-4 microscope indicated that the rough substrates exhibmicrorelief which reduces the waveguiding effect, so that the
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radiation yield from the electroluminescent structure is in-troluminescent emitters based on phosphors whose bright-
creased. ness is inadequate in ordinary MISIM structures.
It should be noted that the luminescence of the electrolu-
minescent structure on the rough substrate has a clearly de-
fined granu'ar properw Compared with the smooth Subs?rate,lN.. A. Vlasenko Electroluminescent Display DevicEa Russiad (Znanie,
and this may be attributed to the microlens effect. zﬁ'eé‘ llngé)m No. 447443989
It has thus been demonstrated that by using rough subsy. s. patent No. 4.728.581988.
strates combined with a layer of composite liquid insulator in “I. Yu. Brigadnov and N. T. Gurin, Pis'ma Zh. Tekh. Fi5(23), 71(1990
an electroluminescent emitter, the radiation yield from the [Sov- Tech. Phys. Letl§ 914(1990].
structure and the brightness of the luminescence can be en' Y\- Brigadnovand N.T. Gurin, Zh. Prikl. Spektrosi, 175(1993.

hanced substantially. This may be utilized to develop elecTranslated by R. M. Durham
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Electronic and adsorption properties of the real surface of cadmium selenide films
containing indium whiskers

Yu. A. Vashpanov

I. 1. Mechnikov State University, Odessa
(Submitted March 12, 1997
Pis'ma Zh. Tekh. Fiz23, 13—17(August 12, 199Y

An investigation is made to determine how surface doping of thin semiconducting cadmium
selenide films with heavy metal atoms influences their binding energy and their absorption
sensitivity to oxygen. Under certain doping conditions, indium atom whiskers are formed

on the surface of the films. These samples show an appreciable reduction in the oxygen binding
energy with the surface and a reversible response in the interaction with oxygen at 353 K.

© 1997 American Institute of Physid$S1063-785(07)00308-X

It is known that surface doping with metal atoms is anactivated after the desorption of oxygen, with an activation
effective method of controlling the surface parameters ofnergy of 0.3 eV. As the oxygen concentration was increased
semiconductor materialsin particular, changes in the oxy- to 45 Vol.% in a mixture with high-purity nitrogen, this ac-
gen binding energy have been observed by surface doping tif/ation energy was observed to decrease to 0.15 eV. Above
cadmium selenide films with indium and selenium atdms. one monolayer the effective electron concentration was al-
Fundamental changes in the electronic properties of thenost independent of the degree of doping.
semiconductor are mainly observed up to thicknesses of a It is known that surface doping is accompanied by the
monolayer, so that investigations are limited to this region offormation of cluster structures whose size increases with in-
doping levels. The physical nature of the changes in thereasing surface concentratibAt specific concentrations, a
binding energy between oxygen and the surface of the mat&ontinuous metal film forms on the surfa@s a result of the
rial has been attributed to dipole interaction of donorcoagulation of clusters, and its thickness increases with fur-
impurity—adsorbed oxygen molecule complexes, whose surther condensation of the metal. The physical properties of the
face concentration increased with increasing ligand concermaterial are then determined by the metal film.
tration. The formation of clusters on the surface of the ma- In our case, no continuous film is formed for indium
terial strongly influences the electronic and adsorptioratom concentrations much greater than one monolayer
properties of the solid. However, the adsorption properties 0f10t’—10'° cm™2). It is known that under certain conditions
semiconductor materials containing various metal clusteof condensation from the vapor phase, some metal atoms
structures at their surfaces have not been studied in sufficiefiorm cluster filaments perpendicular to the surface, known as
detail. Information on the mechanism of interaction betweerwhiskers® In this case, no continuous metal film forms and
gas particles and these surfaces is required from the theordtie metal clusters grow perpendicular to the surface. The
ical and practical points of view. formation of whiskers of various atoms, including indium

Samples of semiconducting cadmium selenide filmsatoms, has now been obserVethe physical factors respon-
were prepared by thermal deposition of powder onto coldsible for the formation of whiskers are associated with screw
substrates in a high vacuum of 10Torr. Deposition of the  dislocations at the surface of a solid with an extremely
cadmium selenide layer at room temperature was immedistressed surface state. These dislocations lead to the growth
ately followed by the deposition of vapor-phase metallic in-of a metal clustefwhiskep perpendicular to the surface. The
dium atoms on the semiconductor surface electronic and adsorption properties of the material contained

Studies of the electronic properties of these samples ran these clusters has been little studied. The fact that the
vealed that many samples whose surfaces were doped witffective electron concentration and mobility do not depend
indium atom concentrations of more than one monolayer reen the concentratioiNg for values greater than a monolayer
tained their semiconducting properties, whereas otheindicates that indium whiskers are formed on the surface of
samples had a temperature coefficient of resistance typical dfie semiconducting cadmium selenide film.
metallic conductivity. A study of the adsorption of oxygen The experimentally observed decrease in the oxygen
on the surface of these structures showed that at 353 K theinding energy is caused by these cluster structures on the
conductivity of the film exhibits reversible changes whereassurface of the semiconductor. It is known that in metal fila-
at these temperatures all known semiconductor materials araents free electrons are distributed over the surface as a
known to exhibit irreversible changes in conductivity. result of the skin effect.From electrostatics, the maximum

Curve l in Fig. 1 gives results of studying the binding concentration of free charge should be concentrated at the tip
energy of adsorbed oxygen particles by a method describeaf the whisker. Thus, strong electrostatic fields reaching
in Ref. 3 as a function of the degree of doping of the surfacel0’ V/cm may be created near the fipn particular, metal
with indium atoms. It can be seen that the binding of oxygertips are used in electron and ion field emission. The tip of the
with the semiconductor surface decreases substantially twhisker containing the largest number of free electrons acts
0.4 eV. The electron mobility in the samples in vacuum isas a site for the effective adsorption of oxygen particles since
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£V B reunitsAal% Itis interesting to note that these structures possess long-
0.8'— 4aot term stability in contact with oxygen at concentrations be-
tween 0 and 45 vol.%. At measurement temperatures of
around 343 K, the adsorption and desorption times are no

a7 1003 greater than 2—3 min. In this temperature range, films of
almost all known semiconductor materials showed an irre-
06 -002 versible change in conductivity caused by the adsorption of

oxygen. One of the surprising properties of filamentary crys-
tals metal(whiskers is their high chemical stability to oxi-
dation. For instance, an iron whisker oxidizes 50 times more
slowly at 773 K compared with polycrystalline irdfQuan-
g tum filaments of silicon in porous silicon exhibit similar
chemical stability* Thus the long-term stability of these
FIG. 1. Binding energy of oxygen on the sample surfa@esve 1) and samp_les to the adsorptlpn and d_e_zsorptlon of oxygen_ m_ay be
adsorption sensitivity at 353 Kcurve 3) as functions of the degree of explalned by the chemical stability of the metallic indium
doping of the surface of cadmium selenide films with indium atoms. whiskers at temperatures of 353 K.
Measurements were made of the adsorption-desorption
sensitivity 8 using a procedure described in Ref. 15. The
free electrons serve as oxygen adsorption cenfers. results of the measurements are given by qﬂya Fig. 1. .
For these samples the change in conductivity was mainly

The changes in the binding energy observed in the ex- ; . I
periments cannot be attributed merely to dipole repulsion Of:aused by the change in the effective electron mobility. Thus

complexes since, according to Ref. 11, the energy of thi§he physical mechanism responsible for the adsorption sen-

interaction does not exceed 0.2 eV. The dipole—dipole inter—smvity is mainly atfributable to the change in the transpar-

action is observed at distances greater than the lattice cofi-'"Y of the barrier between the cluster structures on the

stant. At distances of the order of the lattice constant, as i§em|conductor surface caused by the adsorption of oxygen.

found at the WhI_Sk?r tip, the adscz)rbed atoms may undergqV. E. Primachenko and O. V. Snitk@hysics of a Metal-Doped Semicon-
Coulomb repulsion:Eg s R) =20“/R(go+ 1) (Ref. 11. ductor Surfacdin Russiai (Naukova Dumka, Kiev, 1996
Only the electrostatic interaction in the adsorbed complex®Yu. A. Vashpanov, V. A. Smyntyna, and V. V. Serdyuk, Poverkhnost’
may lead to the observed decrease in the binding energgi'z-zh\w- Mskh- No. é,h%(l':?SI?;-I @erlin) 20, 691989
u. A. Waschpanow, Phys. HalbleiBerlin) 20, .
between the _oxygen and_ the surface as a_ result of Stron@Yu. I. Petrov,Clusters and Small Particldsn Russian Nauka, Moscow,
electrostatic fields at the tip of the metal whisker. 1988.
The highest rate of exchange between the solid and théYu. F. Komnik, Physics of Metal Films: Size and Structural Effefits
gas phase should then be observed at the whisker tips, sing&ussiai (Atomizdat, Moscow, 1979 _ _
.. - . V. G. Syrkin,Future Materials. Metal Fiber Crystalsn Russian (Nauka,
this is where the binding energy is lowest and the electron , ...~ 1990
(adsorption centg¢rconcentration is the highest. As a result 7p. v. zevy and O. F. Kammerer, J. Appl. Phs, 1182(1955.
of their concentration gradient, the adsorbed particles diffus€V. S. IvanovaSynergetics and Fractals in Materials Scierige Russiar)
long the surface of the whisker toward th where thg(Nauka, Moscow, 1994
along t .e Sudf’:lcelo .t ﬂe S L’; tOI ard the base, € ? ;%Physics Encyclopedja edited by A. M. Prokhorov[in Russian
oxygen ions |re_cty Influence the electron parameters of the (Sovetskaya Entsiklopedia, Moscow, 1988. 585.
semiconductor film. 0y, F. Kiselev and O. V. Krylov,Electronic Effects in Adsorption and
The formation of finely dispersed clusters on the surface Catalysis on Semiconductors and Insulatgis Russiar} (Nauka, Mos-
. : . . . . cow, 1979.
gives rise tg a nor_lumform electronic structu.re in the SeMix 5 v “Braun and V. K. Medvedev, Usp. Fiz. Nadk7, 631 (1989 [Sov.
conduptor film, which causes strong fluct_uanon of the band Phys. Usp32, 358(1989].
potential along the surface. The experimentally observeép. G. Borzyak and Yu. A. KulyupinElectronic Processes in Island-like
mobility activation energy is directly related to the formation 13'(\;/'eta' F"ms[r"rll( RUSS,'Iaﬂ (NaUko‘/g DUTk?v Kiev, 1980 )
of a current-transport barrier structure. A region enriched in (1'9(\5/9 Bperiée ovaFilamentary Crystalgin Russiad, Nauka, Moscow
n-type electrons is formed at the base of the whiskers, and ay, g 'Kompan and 1. Yu. Shabanov, Fiz. Tekh. Poluprovo2®,. 1859
barrier 0.3 eV high is formed between them. Adsorption of (1999 [Semiconductorg9, 971(1995].
. . . 15 o H a0
oxygen changes the value of this barrier. A change in the Yu. A. Wa_schpanoerstkcnperchemle Komplexer Oxidischer Systeme
. . (BRD, Greifswald, 1990 pp. 170—-180.
transparency of the barrier as a result of adsorption was ob-

served in Ref. 12. Translated by R. M. Durham
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Three-dimensional lattice of parallel-oriented tellurium nanoclusters in an opal matrix
V. N. Bogomolov and L. M. Sorokin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted March 18, 1997
Pis’'ma zZh. Tekh. Fiz23, 19-24(August 12, 199¥

Transmission electron microscopy has been used to study the structural state of tellurium
introduced into the voids of an opal matrix from a melt under pressure. It is shown that when the
opal is a single crystaithe SiQ spheres form a close-packed cubic strugtut@lurium

filling the voids produces an ordered cluster lattice. The tellurium in the clusters has a single-
crystal structure whose orientation is conserved in neighboring clusters within an

appreciable area. It is thus shown that a lattice of parallel-oriented nanoclusters can be obtained
in principle. © 1997 American Institute of Physids$1063-785(07)00408-4

With the advances in technology developed in Refsthe state of the tellurium in the voids, the surface layer of the
1-3, it has now become possible to produce threesample, consisting mainly of polycrystalline Te, was re-
dimensional superlattices formed by submicron clusters irmoved with polishing paper with an abrasive grain size of
synthetic opal. These superlattices have been studied inter-5 um. The sample was then washed in distilled water and
sively as materials for the next generation of electronicsdried with filter paper. Pieces were cleaved from the sample
Synthetic opals, like natural ones, consist of amorphous SiOand ground mechanically, and the finest fraction of the pow-
spheres of fairly uniform size, 200—250 nm in diameter. Inder was deposited on a copper gfkd0 mesh/mm
order to obtain a three-dimensional lattice of clusters, i.e., a An EM 4000 EX electron microscope with an accelerat-
periodic structure in which a unit cell with a “quasiatom” ing voltage of 400 kV was used because of the strong elec-
can be isolated as a cluster, the $S&pheres in the opal must tron absorption by telluriumz=52).
have an ordered cubic or hexagonal close-packed structure. Figure 1 shows a model of the void sublattig@uster
Then the voids between the spheres will have a regular pdattice) for cubic-packed spheres in tti200 projection. To
riodic distribution; i.e., a three-dimensional sublattice ofdevelop this model, the tetrahedral voids were approximated
voids is found in the opal “crystal.” Since the size of the by tetrahedra and the octahedral ones by cubes, where, fol-
SiO, spheres is a fraction of a micron, geometric anaf§/seslowing the geometry, the cross section of the tetrahedra was
indicate that the octahedral and tetrahedral voids will haveapproximately twice that of the cubes. In this approximation,
dimensions of 45—-55 ang 85—105 nm, respectively, for the for the (100 projection both types of voids, and therefore
sphere sizes indicated above. These dimensions will also detusters, will be seen as squares of different size, oriented
termine the maximum size of a quasiatom in the cluster latwith their sides parallel. If the proposed model is imple-
tice when various materials are introduced into the opal mamented in a real volume with a filler, electron microscopic
trix by various methods. For ideal Sj@pheres, the voids in images for the(100 projection of the opal matrix should
the opal are connected by channels having a triangular croshow the Te clusters as ordered squares whose sizes differ by
section with concave sides. The diameter of the inscribe@bout a factor of 2.
cylinder is~30—40 nm. These capillaries ensure that all the  Since the method of preparing the sample for examina-
pores are filled with the material when the initial opal is tion did not allow the orientation of the powder to be fixed,
placed in a suitable medium. The matrix must be an ideathe observed images corresponded to different projections of
single crystal to achieve 100% filling of all pores, which the opal matrix. Thus, the observation of cluster images with
account for up to 22—26% of the total volume of the matrix, the required orientation depended to some extent on the po-
since the presence of blocks, small- and large-angled boundition. Using a goniometer did not help because this could
aries, and other defects will block some of the voids. only measure the orientation of the powder to within 20°.

It is therefore of interest to use transmission electron  As a result of the large difference in the absorption of
microscopy to study the structural state of the material in theslectrons by the elements contained in the sample, the Te
cluster, the possibility of crystallization of the material in the clusters will be imaged as dark squares against a background
microvolume, and the influence of the chann@iscrocapil-  of lighter SiO, spheres. Figure 2 shows an electron micro-
laries between the voids on the crystallographic orientationscopic image of opal powder with a Te filler. The configu-
of a particular cluster relative to its neighbors during its crys-ration of dark cluster squares corresponds to(t@0 pro-
tallization process. jection of the cluster lattice model in the opal matfisig. 1).

The experimental matrix was synthetic opal grown at theThe real shape of the clusters on the image, having concave-
Physicotechnical Institute by a method similar to that de-sided squares, differs from the model since it is caused by the
scribed in Ref. 4. We used the property of opal to diffractcurvature of the Si@ sphere, and this indicates complete
visible light to select a sample close to single-crystal, intofilling of the voids by Te. The figure also shows that the
which tellurium (Te) (melting point ~450 °Q was intro-  clusters are connected by “bridges” of the same dark con-
duced under pressure from a melt. Since we are interested trast. These images confirm that under the influence of pres-

582 Tech. Phys. Lett. 23 (8), August 1997 1063-7850/97/080582-02%$10.00 © 1997 American Institute of Physics 582



diffraction patterns, which are interpreted as tellurium with
the standard lattice parameterd=(0.4457 nm,b=0.5929
nm) (Ref. 5. Point electron diffraction patterns were ob-
tained for various sections of the cluster lattice within an area
of a few square microns. An example of one of these diffrac-
tion patterns is shown in the inset to Fig. 2. The patterns
were characterized by the same crystallographic zone and the
same azimuthal orientation in the plane of this zone. This
indicates that the clusters crystallize with a single-crystal
structure, not only within a single cluster but over a fairly
large area, and neighboring clusters have the same crystallo-
graphic orientation. This behavior suggests that as the system
cools down after tellurium has been introduced, it undergoes
directional crystallization in the voids and systematically en-
velops one cluster after another via the narrow channels.
Clear confirmation of this mechanism for solidifying of Te in
opal voids is provided by high-resolution electron micro-
scopic images of the sample. These images clearly show that
the (0001 atomic planes of Te witld=0.5929 nm in neigh-
FIG. 1. Model of cluster lattice consisting of octahedi@) and tetrahedral boring clusters are parallel to these planes in the bridges, i.e.,
() voids in an opal matrix comprising cubic close-packed S#pheres. 5 common single-crystal structure is maintained in the clus-
(109 projection. ters and in the intervening compounds.
The system formed by clusters in an opal matrix may be

treated as a set of Schottky diodes. These results then dem-
sure, the Te from the melt fills all voids and the pores areonstrate that, in principle, it is possible to obtain a new type
interconnected via a labyrinth of channels. Although theof medium consisting of a system of parallel-oriented
channels have very small cross sections, providing a higi$chottky diodes.
flow resistance, the tellurium “seeps” through the capillary To sum up, we can conclude that:
channels to fill the neighboring voids. 1. The incorporation of tellurium into the pores in opal

A microdiffraction analysis was made of the observedforms a three-dimensional cluster lattice. The spatial con-
set of clusters in an opal matrix. This yielded point electronfiguration of these clusters is a copy of the regularly distrib-
uted voids in the opal matrix.

2. The tellurium fills the entire volume of the void so
that the cluster acquires the shape of the void.

3. Tellurium clusters have a single-crystal structure
where neighboring clusters maintain the same crystallo-
graphic orientation, which is achieved by directional crystal-
lization via the channels between amorphous.,Si@heres.

4. It has been demonstrated for the first time that in
principle it is possible to obtain a three-dimensional super-
lattice in an opal matrix consisting of parallel-oriented
single-crystal Te clusters.

This work was partially supported by the Russian Fund
for Fundamental Research, Grant N 96-02 16948-a.
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Excitation of ray oscillations in quasioptical dielectric cavities with whispering
gallery modes

S. N. Khar’kovskit, A. E. Kogut, and V. V. Kutuzov

Institute of Radio Engineering and Electronics, Ukrainian National Academy of Sciences, Kharkov
(Submitted January 6, 1997
Pis’'ma Zh. Tekh. Fiz23, 25—-29(August 12, 199Y

It is observed that ray oscillations may be excited together with whispering gallery modes in
quasioptical dielectric cavities. It is shown that as the excitation conditions change, the fields of
these oscillations gradually “split off” from the fields of the whispering gallery modes

whose characteristics deteriorate. The angular spectrum of ray oscillations in dielectric cavities is
determined. ©1997 American Institute of Physids$1063-78517)00508-9

The phenomenon of high-Q resonance of whisperingeritical because of the additional radiation losses caused by
gallery modes in dielectric solids of revolution is used over athe bounded area of the mirrors, but at each pojnthe
wide range of frequencies between the microwave and theoupling was tuned to the maximum for the system by
optical>? In quasioptical dielectric cavities where the radiuschanging the position of mirro2. It can be seen that the
R is related to the wavelengthy by R>5\4 the field of resonance is excited continuously and efficiently over a wide
these modes is concentrated in a narrow band near thr@nge ofr;, which includes the radius of the internal caustic
boundary of the dielectric between caustics of radiinda,  a of the whispering gallery mode#his is calculated below
(Fig. 19 and may be described using the wave approach. AAs the slit is displaced, the amplitude, shape and width of the
the same time, the geometric-optics approach indicates thagsonance vary. To identify the oscillations, we use the dis-
oscillations may occur in these cavities for which the rayplacement of the mirro2, whose length along the radial
trajectory is a regulaN-sided polygon inscribed within the coordinate of the cavity does not exceed the distance be-
cavity circumferencéFig. 1b). Unlike the whispering gallery tween the caustics of the whispering gallery modes. Figure
modes, which are the result of diffraction and interference ofb gives the relative resonance amplitidé,, as a function
waves from the source at a curvilinear boundary, these oscikf the normalized radial coordinatg /R of the center of
lations may be described using geometric optics and we shalhirror 2 keeping the slit position fixed. Fof=38.5 mm, the
therefore call them ray oscillations. As a result of an experifield spot lies on the radius between the whispering gallery
mental study of quasioptical dielectric cavities in the milli- caustics. Ag; decreases, the field spot “spreads” over the
meter wavelength range, we observed that both ray anthdius into the dielectric. For instance, rat=35.5 mm the
whispering gallery oscillations can be excited simulta-field spot has expanded by 50% and forms the transition
neously. This effect was particularly noticeable for weaklyregion from whispering gallery to ray oscillations. A further
directional radiation sourcgsuch as the open end of a cav- decrease im; leads to the formation of a resonant field for a
ity, coupling slit, and so forth In order to determine the specific position of the slitr{=33 mm and this field spot
separability and mutual influence of these oscillations, wesplits off appreciably from the spot of the whispering gallery
made specific studies of a quasioptical dielectric cavityfield and moves as a whole into the dielectric. An investiga-
where one half was replaced by a mirror with a coupling slit.tion of the field distribution along the polar coordinate shows
Note that this problem goes back to studies on wave propahat in its pure form, a ray oscillation is excited witi
gation near a curved solid surfaéeand was first formulated
by us for whispering gallery modes in quasiopticalal dielec-
tric cavities.

We present results of an investigation of a specular
hemispherical, quasiopticalal dielectric cavity containing
plane reflectorsl and 2 (Fig. 19. One of these reflectors
incorporates an exciting wavegui@avhich tapers smoothly
along its narrow wall to an open end, forming a X2 mm
slit on the surface of the reflector. The hemisphérevas
made of Teflon-4 and its radius w&=39 mm. The char-
acteristics of the TM,,| (E,#0) whispering gallery modes
of this cavity forn, m, | =1 variations of the field along the
polar, azimuthal, and radial coordinates, respectively wer:
described in Ref. 5. Figure 2a gives the relative resonanc
amplitudeA/A,, and its frequency variatioad f,, as a func-
tion of the normalized radial coordinate of the dlit/R
(n=37, resonant frequenc§,=36.6 GH2. The coupling
between the cavity and the supply waveguide was belowIG. 1.
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reflections from the concave surface of the dielectric. In thidnternal reflection of the ray from the boundary of the dielec-
caseN=6 and no ray oscillation is observed for other valuestric, we find that the discrete angular spectryq of the ray
of N. oscillations lies in the range

The ray oscillations form an almost periodic sequence of .
resonance)é whose frequencies are sirlraﬂlar to, ar?d in some arcs'r(ll\g)<@'“<77/2_ arccoSnc/27rfn\/§R). 2
parts of the spectrum almost coincide with, the resonant freThe numberN of reflections of the ray from the circular
guencies of the whispering gallery oscillations. Their Q fac-boundary of the dielectric corresponding to the ray oscilla-
tor is 30% lower than that of the whispering gallery modes tions, is determined from
The excitation of transient and/or ray oscillations leads to .
broadening and distortion of the resonance curve, radial blur- /L 72~ arcsin 1) |<N < m/arccosnc/2mfy\eR).
ring of i i [ ®

g of the field spot of the whispering gallery modes, and

causes additional modulation of their polar field distribution.Note that in specular quasioptical dielectric cavities, the

We determine the angular spectrum and numieof  resonances form rays describing trajectories in the form of
reflections of the ray from the surface of the dielectric forhalf N-sided polygons with eveN.
which pure ray oscillations can be excited in quasioptical  In the experiment we havie=39 mm ande =2.04. For
dielectric cavities with whispering gallery modes. We con-n=37 andf,=36.6 GHz, the calculated caustic radius is
fine ourselves to the first stage of the two-dimensional modet=37 mm ora/R=0.94, which agrees with the experimen-
of whispering galleries in a circle. Among the reflectedtal estimate ofa. Equation(3) gives 4<N<8, as was ob-
waves contributing to the resonant field of the whisperingserved N=6).
gallery modes in quasioptical dielectric cavities, we single
ouF the ray .With the smallest numbérof reflections. Its 1V, B. Braginskt, V. S. Ilchenko, and M. L. GorodetsiiUsp. Fiz. Nauk
t_raj_ectory will obwous_ly have the form_ of a rectgngular 160'157(1990'[86\/.'%)/5. Us")33’ 87('19'90]. e
j-sided polygon described around the inner caustic of thexy g I'chenko, V. F. Vzyatyshev, L. G. Gassanet al, in Dielectric
whispering gallery mode. The radiasof the inner whisper- Cavities[in Russiaf, edited by M. E. I'chenkqRadio i Svyaz’, Moscow,

ing gallery caustic is given bY: 1989. _
3B. E. Kinber, Radiotekh. Elektrorg, 1273(1961).
a:nclzwfn\/g, ) 4V. M. Babich and V. S. BuldyrevAsymptotic Methods in Short-wave

Diffraction Problemdin Russian (Nauka, Moscow, 1972
wheree is the permittivity of the cavity material andis the 5S. N. Kharkovski, A. E. Kogut, and V. A. Solodovnik, Pis'ma Zh. Tekh.
velocity of light in vacuum. Fiz. 21(18), 38 (1999 [Tech. Phys. Lett21, 741(1995].

6 ;
From the geometry of the problertsee AAOB in S. N. Vlasov, Radiotekh. Elektroi2, 572 (1967).
Fig. 1a,a/2=nl], ¢=w/2— «/2) and the condition for total Translated by R. M. Durham
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Photorefractive slit waves
S. M. Shandarov and E. S. Shandarov

State Academy of Control Systems and Radioelectronics, Tomsk
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It is shown that photorefractive slit waves may exist, localized near a narrow gap between two
similar photorefractive crystals with a diffusion mechanism of nonlinearity and oppositly
directed polar axes. €997 American Institute of Physid$S1063-785(107)00608-3

Nonlinear self-channeling of beams in photorefractive 2 dA
crystals is observed at low optical intensifigsand has —2+(k§—/32)A+2q&=0, 2
therefore been studied in detail for some time. Self-  dX

channeling effects are specifically observed as the formation hereko= (27/\ is th i tant. and th
of spatial solitons when the diffraction-limited divergence of Wherek,= (27/)) nz, B s the propagation constant, and the

an optical beam is compensated by self-induced changes otorefractive nonlinearity parametgris defined in terms

the refractive index of the crystii® The authors of Ref.4 °© the effective electrooptic constani by
predicted the existence of photorefractive surface waves in 2 )T
B
o

2w 2
Meft - (3

crystals with diffusion type of response. In this case, self- —nj
channeling occurs near one of the boundaries of a layer of A

finite thickness embedded in a dielectric of lower refractive

index, or along the interface between two photorefractiv ace wave exists throughout the bulk and the spectrum of

crystals having nonlinearity parameters of opposite sign, . T .
Beam self-channeling effects near boundaries have been o ropagation constanfi, is discrete. In thick samples where

. . . >1/q, the field of this wave is localized near one of the
served experimentally for photorefractive BaliQRef.5 boundaries. The propagation constant can then have any
and Bi,TiO,, crystals® '

Here we consider the possibility and fundamental char—value in the range defined by

acteristics of light self-channeling near a slit separating two 2
similar photorefractive crystals with a diffusion response and  \k5—qg?> 6>T ny. 4
oppositely directed polar axes. By analogy with similar
waves of an acoustic nature in piezocrystasye shall call
these photorefractive slit waves.

We consider a structure formed by two layers of thick-
nessL, comprising identical photorefractive crystals with the

refractive indexn,, and separated by a linear dielectric IayerpIiCity metallized crystal boundaries=+ (h+L), we ob-

of thickness 2 with the refractive index, <n; (Fig. 1). We tained the following expressions for the transverse distribu-

shall assume that the polar axes of the crystals are in OPPYon of the optical field in a photorefractive slit wave:

site directions and the action of an optical beam with the

intensity distribution1(x) produces a steady-state space A(x)=exg q(h+x)]sin x(h+L+x)], for —h=x
charge field as a result of the diffusion mechanism

For a crystal of thickness<1/q, a photorefractive sur-

Bringing the crystals closer so thah&\/2, leads to
appreciable interpenetration of the fields of the photorefrac-
tive surface waves and exchange of optical energy between
the crystals. For thin crystald.&1/q), assuming for sim-

=—(h+L), (59
_ keT 1 dI A(X)=Aq[ X X) = exp( — yoX)], for h=x=-—h,
EodX = T dx’ (1) ( olexpl(yo A= voX)] b

wherekg is the Boltzmann constant, is the absolute tem- ACO==exd —q(x—h)]sifx(L+h=x)], for L+h

perature, ane is the electron charge. Relatigh) was de- =x=h, (50
rived neglecting the dark conduction of the medium and
agrees with the well-known logarithmic model of photore-where Ao=[x cosiL)+(yo+a)sin(xL)lexplyeh)/ yo,

fractive nonlinearity">If the thickness of the layer separat- y=+k5—8°—q” is the transverse propagation constant
ing the crystals is substantially greater than the wavelengtfor the fields in the photorefractive layers, and

of light (2h>\), the optical fields in the crystals are not yo=+/B?— (27n,/\)? is the decay constant of the field in
coupled. This case corresponds to the photorefractive, TBhe slit between the crystals. The plus and minus signs in the
polarized, surface waves considered in Refs. 4 and 5 wheregcond and third equations correspond to the symmetric and
for a solution in the forniy(x,z) = A(x)exp(B2), the Schfe  antisymmetric modes of the slit waves. The dispersion equa-
dinger equation for the transverse field distribution is lineartions for these modes define a discrete spectrum of transverse
ized: propagation constants, and may be obtained in the form
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h+L
/ ¢
nz
h FIG. 1. Structure formed by two identical photorefractive
1y 7 crystals separated by a dielectric layer with the refractive
0 * indexn,. The C polar axes of the crystals are in opposite
directions.
-h
nz
c
-th +1)
[x cog xL)+ (yo+q)sin(xL)] Yo~20 um~ ! and forh=\/4 the optical field distribution in
_ both cases corresponds to photorefractive surface waves.
=T exp(—2yoh)[(yo—a)sin(xL) —x cosxL)]. In the limiting case of thick samplet> 1/q, the trans-

(6)  verse distribution of the optical field in the antisymmetric

Self-channeling may also take place along the twinning o ode of the photorefractive slit wave may be given by

domain boundaries of the crystal for=0 (Ref. 4. The _
transverse propagation constants for the antisymmetric Aas(X)ZeXFiQ(hiX)]SIF{X(Xi h)
propagation mode are then expressed in explicit form from

the dispersion equatiof®) ~arct x sinh(ygh) ©
Farctan . ,
T Yo CosH yoh) +q sinh(ygh)
Xasm=M—, m=1,23,..., (7) . .
L where the upper and lower plus or minus signs correspond to
and for the symmetric mode the structure layerx<—h and x=h. For the symmetric
mode, the distributioA¢(Xx) in these structure layers is ex-
v
Xsmk — arctani =(2m—-1) 5 (8) pressed as

sm

Figure 2 shows the transverse distributions of the optical ~ A¢(X) =exp[q(hrx)]sir{x(hix)
field (A\=633 nm) for the symmetric and antisymmetric

m=5 modes in a structure with the parametkrs 20 um X cosh{ygh) 10
= i - —arctan - . 10
a_mdh_ 0. For the calculations, we used values of the refrac Yo SiNh(oh) +q cost{yoh)
tive index and the electrooptic constamt,=2.4 and
rer=10"° m/V, typical of a 45° cut BaTi@crystal in which For the discrete spectrum of propagation constants, the

the existence of photorefractive surface waves has been coogptical field distribution in the gap between the crystals,
firmed experimentally.Note that the photorefractive nonlin- A(x), is described by Eq5b). The amplitude of the field for
earity parameter in this case @g=0.08 um 1. For an air the antisymmetric and symmetric modég,s andA,s, may
gap between the crystalm{=1), the decay constant is be obtained from Eqg9) and(10) for x=h. Figure 3 shows

1.« A, arb. units

FIG. 2. Optical field distribution for the antisymmetric
/\/\ (1) and symmetri¢2) m=5 modes of a photorefractive
¢ R + } t + wave propagating along the interface between the crys-
20 -10 10 \/ tals (Fig. 1, h=0). Thex= =20 um crystal faces are
W X, um metallized.

s
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FIG. 3. AmplitudesAy,s and Ay of the field for the

antisymmetric(1, 3, and 5) and symmetric(2, 4, 6)
modes of a photorefractive slit wave in the gap between
the crystals as a function of its relative widtih/a for
various values of the refractive index of the separat-
ing dielectric and the transverse propagation congtant
1,2—n=1,x=m 3,4 —n=16,x=m; 5 6 —
n,;=1.6, andy=1.5m.

o
o

Ao, arb. units

0.25
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Compensation of excess noise in a fiber-optic gyroscope with a 3 x 3 directional
coupler
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It is shown theoretically that the excess noise of the radiation source can be compensated in a fiber-
optic gyroscope with a 8 3 ring directional coupler and a differential amplifier at the exit.

This noise is one of the main factors limiting the precision of a fiber-optic gyroscopel 97
American Institute of Physic§S1063-785(M17)00708-9

One method of enhancing the precision of fiber-opticapart from a multiplicative factofwe shall subsequently
gyroscopes involves using superfluorescent fiber radiatioomit this reservation we have for an ideal directional cou-
sources. These sources have properties similar to those opler:
thermal sources and are characterized by a high level of ex-
cess noise. Experiments show that the excess noise predomi- L=A exp(i)exp(—i¢g),
nates over other noise sources at powers of the order of 10

mW at the photodetectdrThus the problem of reducing the S=A explie)explieo). (1)
influence of this noise on the precision of gyroscopes is of
major interest. Here A and ¢ are the amplitude and phase of the waves,

In coherent-optics communications excess heterodynEespectively, andeg is the nonreciprocalSagnag phase
noise is suppressed by means of balanced detet®al-  Shift.
anced detection can also be applied to fiber-optic gyroscopes, 1he signals reaching the photodetectors are:
by using the source radiation, delayed by the time taken for
the light to propagate in the optical channel of the fiber-optic
gyroscopes, as the reference signal. However, the implemen- )
tation of balanced detection in the usual “minimal” configu- ~ E2=L+exfiey)S, @
ration of fiber-optic gyroscopes with input andx2 ring
directional couplers is fraught with difficulties associated
with achieving coherent interaction between the informatiorﬁ
and reference signals. Here we show that the problem can b
resolved considerably more simply by incorporating a3
directional coupler in the fiber-optic gyroscope configura-
tion.

Figure 1 shows a simplified configuration of a fiber-optic
gyroscope with a X3 directional coupler. Radiation from a a2 2 . * .
source3 passes through a>83 coupler4 to the input of a 12=[S*+[L[*+explie)) SL* +exp(—i¢ey)LS* +n2,(3)
sensing ring5 and then to photodetectofs and 2, whose
outputs are connected to a differential ampliieAlthough  wheren, andn, are the photodetector noise.

this type of fiber-optic gyroscope configuration was encoun- At the exit from the differential amplifier we have
tered earlier in Refs. 4 and 5, as far as we are aware, the

E1:S+ eXF(I (Pl)l_,

where ¢, is the phase difference between the signals propa-
ating through the directional coupler via the “forward” and
ross” channels.

The photodetector curren{svhich are assumed to be
identica) are given by:

I,=]S%+|L|2+expi@)LS* +exp(—ig,)SL* +ny,

problem of excess noise has not so far been addressed. | ou=2|A|? sin @;-SiN(2¢g) +n;—Ny. (4)
Each of the counterpropagating waviesand S in the
circuit (see Fig. 1is simultaneously an information-carrying Thus the excess noise caused by the background illumi-

(signa) wave and a reference wave for the other wave, andhation of the photodetectors is compensated. It also follows
from Eq. (4) that a fiber-optic gyroscope with ax3 direc-
tional ring coupler and balanced detection operates in a
quadrature mode and its optical scale factor is the same as
that for the minimal configuration, although the electrical
scale factor is smaller, singg, # /2.

This configuration is of interest for low- and moderate-
precision fiber-optic gyroscopes. A modified minimal con-
figuration with a 3x3 directional coupler can be used for
high-precision fiber-optic gyroscopes.

The authors would like to thank V. P. Gubin and N. I.
FIG. 1. Diagram of fiber-optic gyroscope with<3 coupler. Starostin for useful discussions.
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2.2 pm cw single-mode diode lasers with thermoelectric cooling
A. A. Popov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted April 7, 199y
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Continuous-wave lasing in the 2/2m region is reported for single-mode GaAlAsSb/GaSb/
GalnAsSb double-heterostructure diode lasers with thermoelectric cooling. The temperature
dependences of the threshold current near room temperature are investigated for the cw

and pulsed pumping regimes. A record characteristic temperagird 32 K has been achieved.

© 1997 American Institute of PhysidsS1063-785(07)00808-3

Single-mode infrared semiconductor lasers are an inlayer was 0.8um thick. The structures were grown by
valuable source of tunable radiation with a high spectraliquid-phase epitaxy. Laser diodes with a 150-3a@n
power density for the detection of various molecular compo+abry—Perot cavity were formed by cleaving and were at-
nents by tunable diode laser adsorption spectrosd¢®@¢  tached by the substrate to a TVZ-1.3 three-stage thermoelec-
LAS) with a detection limit of 10°~10 *? (Refs. 1 and 2 tric cooler mounted in a standard SDL-3050 casifig. 1).

The range near 2.2m is particularly promising for the de- The peak heat-transfer power was limited to 3.5 W. The
tection of nitrogen-containing molecules such g®ONNG,, casing also contained a 5Q0m diameter feedback photodi-
and others. Lasers utilizing strained InGaAs/InP hetero- ode, fabricated from a GalnAsSb solid solution, and a
structures have been successfully grown for wavelength&emperature-stabilizing thermistor.

shorter than 2.Qum (Ref. 4. The development of longer- The lasers were tested at the operating temperatures of
wavelength sources involves using narrow-gap GalnAsShthe Peltier cooler in the cw and pulsed pumping modes.
GaSb solid solutions:’ Lasing at 2.1um in GalnAsSb Pulsed lasing with a low inverse duty cycle, and also the
multi-quantum-well lasers with a broad stripe and a characresults of low-temperature measurements obtained with
teristic temperature of 110-115 K &40 °C) was reported cryogenic cooling, were used to make a comparative study of
in Refs. 8 and 9. Single-mode lasing in GalnAsSb lasers wathe temperature dependence of the threshold current. The
studied in Refs. 10 and 11. The wavelength range of this typpulse length was 100 ns and the inverse duty cycle’1The

of laser was recently extended to 2. (Refs. 12 and 18  optical signal was detected by a GalnAsSb photodetector and
These semiconductors are the most attractive material for themplified by a differential amplifier with a 30 ns response
development of diodes operating in the range of strongetime. The radiation spectrum was monitored using an
absorption lines, which can enhance the detection sensitivitflDR-2 monochromator with a resolution better than 0.5 ns.
by two orders of magnitude. The requirement for single-Single-frequency lasers emitting in the Zu®n range at
frequency cw lasing with thermoelectric cooling is one of theroom temperature were selected.

major constraints imposed on laser diodes for spectral Continuous-wave lasing was observed up-t@4 °C.
applications’ Lasing at higher temperatures was limited by the power of

In this article we report single-mode cw lasing in ther- the thermoelectric cooling system and by the thermal con-
moelectrically cooled GalnAsSb semiconductor lasers in th@uctivity of the laser crystal. At all the test temperatures, the
2.2 um wavelength range. The temperature dependence ddésing was single-mode up to pump currents 2.5 times higher
the threshold current was investigated for the cw and pulsethan the lasing threshold,, . With increasing temperature a
modes and a characteristic temperature as highyasl32 K long-wavelength shift of the emitted mode was observed at
was achieved for the first time, this being the highest knowran average rate of-2.4 cm YK, which is similar to the
for this type of narrow-gap semiconductor laser. temperature dependence of the band gap. As the temperature

Double heterostructure lasers with anGalnAsSb ac- varied, mode jumps were observed to the neighboring long-
tive region were investigated. The active region was boundedavelength mode, separated by an intermode spacing of
symmetrically on both sides by GaAlAsSb emitter layers. A~6.7 cm 1.
deep mesa stripe structure with a stripe width of 6-4df The temperature dependence of the threshold current is
prepared by photolithography provided the lateral confineplotted in Fig. 2. In the cw mode, the threshold current in-
ment. A p-GaSb layer was used as the contact layer. Thereased from~53 mA at —194 °C to 440 mA dc at
GalnAsSb active layer had an indium content of 0.16—24 °C. The measurements revealed an exponential in-
(E4q=0.64 eV} and was doped with Te to a concentration of crease in the threshold current with temperature. The charac-
(1-2x 10 cm3. The wide-gam- and p-type GaAlAsSb teristic temperatureT, was 85 K for the range between
layers adjacent to the active region had an Al content of 0.56-194 °C and—30 °C and 33 K above-30 °C. A bend
(Eg=1.11 eV} and were doped with Te and Ge to concen-was observed on the characteristic neat 30 °C.
trations of(2—4)x 10 cm~2 and(6—8 x 10 cm 3, respec- To study the physical factors limiting the range of oper-
tively. The thickness of the active region was Lfh, the ating temperatures, we consider characteristic features of the
GaAlAsSh layers were each 2/am thick, and the contact temperature dependence of the threshold lasing current for
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We now analyze the possible losses limiting the operat-
ing temperature of 2.2m single-mode GalnAsSb semicon-
ductor lasers. A theoretical analysis of the possible nonradi-
ative losses influencing the threshold current and maximum
lasing temperature of GalnAsSb lasers was reported earlier
in Ref. 14. It was shown that at temperatures between
—208 °C and+ 30 °C, the temperature dependence of the
threshold current density corresponds to three mechanisms
for recombination of nonequilibrium charge carriers in the
active region. Up to—70 °C, radiative recombination pre-
dominates, between 70 °C and+20 °C CHHS Auger re-
combination is the dominant mechanism, and aben20°
the CHCC Auger process predominates. The current depen-
dence of the threshold current for pulsed pumping is broadly
consistent with this model. However, the results obtained by
us for cw lasing exhibit appreciable differences. A compara-
FIG. 1. External view of LD22V22716 laser diode mounted in a standard tive analysis(Fig. 2) indicates that the inverse duty cycle of
SDL-3050 hermetically sealed casing. The casing also contains a TVZ-1.ghe pump current Strong|y influences the nonradiative losses
three-stage thermoelectric cooler, a GalnAsSb feedback diod600 iy G5InAsSD. It was shown in Ref. 15 that the main factors
diameter, and a tgmperature-stablllZlng thermistor. The right of the flgurci_ . ) .. ) .
shows the cw lasing spectrum recorded-&85°C. The pump current was imiting the power-current characteristic of narrow-gap semi
300 mA dc. conductor lasers are current heating of the active region by

the Joule heat, hot carrier injection, Auger recombination,

leakage across the heterobarrier, and absorption by free
pumping by short laser pulses with a low inverse duty cyclecharge carriers. By analyzing the ratio of the characteristic
(pulse length~100 ns, inverse duty cycle-10°). The nonradiative recombination times in GalnAsSb solid solu-
most significant differences from the cw mode are as foltions, it was establishé@ithat the relaxation of the excess
lows. Over the entire range of measured temperatures theot-carrier energy is determined by the interelectron interac-
lasing threshold was observed at lower pump currents antlon. Under our experimental conditions, the pump pulse
the difference increased with temperature. The maximunlength was greater than the characteristic recombination
lasing temperature was substantially higher84 °C. The times in GalnAsSH and the temperature tuning of the lasing
characteristic temperatufg, for the two sections was sig- wavelength corresponds to the temperature coefficient of the
nificantly higher, at 132 and 65 K. The bend on the temperaactive-region band gap. Thus these results should be attrib-
ture dependence of the threshold current was shifted tated to overheating of the active region which is one of the
+62°. We especially note that the characteristic temperaturmain factors suppressing cw lasing near room temperature.
To=132 K was the highest reported so far for GalnAsSbThis temperature dependence of the threshold current yields
lasers. We should also like to stress that this value is highethe important conclusion that Auger processes, hot carrier
than the characteristic temperatdig= 110 K obtained for a injection, and carrier leakage across the heterobarrier do not
2 um InGaAs/InP laset. make a significant contribution to the heating when deter-

10° T T T T T
: ' I !

FIG. 2. Temperature dependence of the threshold cur-
rent of the diode laser obtained in the ¢@W) and
pulsed (PW) lasing modes near room temperature. In
the pulsed mode the pump pulse length was 100 ns and
the repetition frequency was 10 kHz.

Threshold current, mA

Temperature, C
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Dielectric properties of planar structures based on ferroelectric Ba 055rg5TIO; films

B. M. Gol'tsman, V. V. Lemanov, A. I. Dedyk, S. F. Karmanenko,
and L. T. Ter-Martirosyan
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An experimental investigation has been made of the dielectric properties of planar
Cu—Cr/Bg 55K 5TiO5 and YBaCu;O;_ s/Bay sSiy sTiO5 structures in the temperature range
78-300 K. It is shown that the use of YBau;0,_ 5 electrodes in BgsSr, sTiO;3 film structures
ensures that there is no dielectric hysteresis in the paraelectric phase. At the same time, the
dielectric nonlinearity is preserved and the dielectric losses are reduced.99® American
Institute of Physicg.S1063-78507)00908-7

A comparative investigation is made of the dielectric fusion of components of the YBCO film into the BST as a
properties of planar structures consisting ofy B2ty sTiO;  result of the preparation process.
(BST) polycrystalline films with electrodes made of Cu—Cr, Figure 2 shows the influence of the electrode material on
Ni, and the high-temperature oxide superconductothe dielectric hysteresfsThe capacitance-voltage character-
YBa,Cu0;_ 5 (YBCO). istics of the structures with metal electrodes show dielectric

Ferroelectric BST films were prepared on arAl,O;  hysteresis 4C/C,, whereCy is the initial capacitangein
substrate by rf magnetron sputtering in an argon and oxygepoth the ferroelectric phasd €78 K) and the paraelectric
atmosphere, followed by annealing in oxygen at 1150 °Gphase T=300 K). Most (~80%) YBCO/BST structures do
(Ref. 1. The thickness of the films was 1-1.an and they  not exhibit hysteresis in the paraelectric pha%e= @00 K),
had a polycrystalline structure. regardless of th€(T) curve. For samples with YBCO elec-

The metal electrodes were deposited by thermal deposiodes the dielectric hysteresis in the ferroelectric phase
tion in vacuum. The high-temperature superconductor elec(—T:78 K) is smaller than that in this phase for Cu—Cr/BST
trodes were deposited by dc magnetron sputtering. The thicksycryres. The fact that some YBCO/BST samples exhibit
ness of the YBCO films was 04m and the transition . qeresis in the paraelectric phase can probably be attributed

temperature was in the range 83-90 K, with the width NOLy chemical processes at the electrode—film interfatie

exceeding 1-2 K. Contacts. were apphed to the YBCO eleci:ontrollability of nonlinear capacitor structures can be con-
trodes by thermal evaporation of Ag in vacuum. The planar

- . veniently characterized by the coefficieKt=CyC(U 2y
electrodes were prepared by liquid photolithography. Th _
width of the gaps was = 5—-10xm and the length varied in UUma=|150 M) (Ref. 4. It should be noted that at 300 K

the rangel = 0.1-2.5 mm(Fig. 1). Up to thirty two indi- the controllability of YBCO/BST structures with hysteresis-

vidual elements were formed on onex.00 mm substrate. free characteristics remained almost the saie 1.34) as

Measurements were made of the temperature deper%hat for Cu—Cr/BST structureK(=1.43), if the temperature

dences of the capacitan@eand tans at 1 MHz in the range dependence of the capacitance was described by the upper

78-300 K, and the capacitance-voltage characteristics wefg!fve In F!g. 1. For samples whqse temperature dep.e.ndence
also measured at 78 K and 300 K at voltages betwe&g0 was described by the lower cur{€ig. 1), the controllability

and+150 V. Approximately thirty samples of each structure "Was considerably pooreK(=1.15). =
with different electrode materials were prepared and used for 1 he dielectric loss tangent tad (Fig. 3) for structures
the measurements. with YBCO electrodes was smaller than that for samples
The temperature dependences of the capacitance per uMith metal electrodes at all temperatures.
length for planar structures with metal electrodes and YBCO ~ The substantial broadening of th€(T) peaks for
electrodes revealed broad maximaTat 210-240 K(Fig.  B@o.sSlsTiO; films has already been discussed by us in Ref.
1) near the ferroelectric to paraelectric phase transition. Thd- The main reasons for these broad peaks may be the non-
upper curve plotted in Fig. 1 for samples with Cu—Cr elec-uniform composition over the thickness and area of the film,
trodes is typical for structures of this type. The capacitancegnd also the elastic stresses in the film. Changing the elec-
for these samples differed by no more that 10% over thdrode material has little influence on the width of the peaks
entire temperature range. The capacitances of the structuré® the C(T) temperature curves. The observed decrease in
with YBCO electrodes were invariably lower and the spreadhe capacitance of YBCO/BST structures is probably caused
of values between different samples was considerably greatdly changes taking place in the BST film when the YBCO
than for structures with metal electrodes. The two curvelectrode is applied and during its subsequent stotdge.
plotted in Fig. 1 delimit the range of capacitances for YBCO/particular, some chemical interaction takes place between the
BST structures, which is most likely attributable to the dif- BST and YBCO layers.This is accompanied by a reduction
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The use of YBCO electrodes influences the dielectric

FIG. 2. Capacitance-voltage characteristics of planar struc-
tures with different electrode materials in the ferroelectric
(T=78 K) and paraelectric phase$ £ 300 K).
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tans | than that in the ferroelectric phase for structures with Cu—Cr
[ electrodedqFig. 2, T=78 K). This may be explained by the
o fact that the hysteresis in Cu—Cr/BST structures is caused
not only by a ferroelectric transition but also by the forma-
aur tion and redistribution of space charge. The transition of
[ Cu-Cr/8ST YBCO to the superconducting phase most likely has no in-
ark - - S fluence on the characteristics of the structures at 78 K, since
the work function remains the sam®Our previous experi-
o008k ments using YBCO/STO structurg$STO single crystal
[ have shown that no correlation is observed between the su-
208 _ perconducting transition temperature and the existence of di-
] electric hysteresi§.
[ The reduction in the level of dielectric losses in YBCO/
oy BST structures compared with those in Cu—Cr/BST struc-
tures may attributed to a change in the properties of the
sz boundary layer of the BST film.
! : ; : : To sum up, the use of YBCO electrodes in planar struc-
s e W SPI EPVRUR | i tures consisting of BaSr, sTiO3 thin films ensures that no
50 100 750 A 20 LK dielectric hysteresis occurs in the paraelectric phase, while

_ , the dielectric nonlinearity is conserved and the level of di-
FIG. 3. Temperature dependences of the dielectric loss tangent for struc-

tures with Cu—Cr and YBCO electrodes. electrlc; losses reduced: L.
This work was carried out as part of Superconductivity

Projects Nos. 94051 and 95014.

hysteresis in the paraelectric and ferroelectric phases. For
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Characteristics of stimulated emission from an optically pumped GaN/AlGaN
double heterostructure

M. V. Maksimov, A. V. Sakharov, V. V. Lundin, A. S. Usikov, B. V. Pushnyr,
I. L. Krestnikov, N. N. Ledentsov, P. S. Kop'ev, Zh. I. Alferov,
and V. P. Rozum

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences. St. Petersburg;
Scientific-Research Institute of Radiomaterials, Minsk

(Submitted April 15, 199y
Pis’'ma Zh. Tekh. Fiz23, 53—59(August 12, 199¥

The luminescence properties of a GaN/fba, )N double heterostructure grown by vapor-phase
deposition from organometallic compounds are studied. When luminescence is observed

from the end, the radiation intensity shows a sharply defined threshold dependence on the pump
density. The threshold excitation densityTat 77 K was~40 kW/cnt and the wavelength

of the stimulated emission was=357 nm. The long-wavelength shift of the emission line at high
pump densities may be attributed to renormalization of the band gap caused by many-

particle interactions in the electron—hole plasma. 1897 American Institute of Physics.
[S1063-785(17)01008-2

Recent years have seen considerable progress in the The structural quality of the sample was investigated by
development and investigation of InGaN-AlGaN light- transmission electron spectroscopy. Bright-field images ob-
emitting devices in the blue—green range. Lasing in artained for cross sections of the sample showed that disloca-
injection-pumped InGaN—AlGaN system was reported fortions of density exceeding 2010*° cn? accumulate at the
the first time in Refs. 1 and 2. layer/substrate interface. The layers adjacent to the interface

Further progress towards shorter wavelengths, i.e., ultraexhibit a block structure, where the boundaries of the blocks
violet, may be achieved by using GaN-AlGaN andare defined by dislocations. The defect density decreases
Al,Ga_,N-Al,Ga _,N heterostructures. Lasing has beensubstantially with increasing proximity to the surface. The
demonstrated by various authors in optically pumpednterfaces of the upper GaN and AlGaN layers are planar and
epitaxial GaN layers and also in AlGaN/GaN doublethe defect density at the upper interface is of the order of
heterostructured? The threshold excitation densities were 5X 10" cn.

100 and 85 kW/crhat room temperature for double-cleaved ~ Stimulated emission processes were investigated using a
structure50 kWi/cnt at 77 K; Ref. 4. An investigation of ~Sample with one cleaved face, pumped by a pulsed nitrogen
stimulated emission and lasing processes with optical pumgaser & =337.1 nm with a pulse power of 1.5 kW. The laser
ing is extremely important in order to assess the quality off€@m was focused into a>3.3 mm spot by means of a

the structure, its geometry and growth parameters, and a|5(§ylindrical lens. The pump power was reduced by neutral
to study the lasing mechanisms. filters. The photoluminescence spectra were recorded from

In this article we investigate the structural and opticalthe cleaved face of the sample. The radiation was detected by

properties of an AIGaN—GaN double heterostructure growr cooled photomultiplier operated in the synchronous detec-
by vapor-phase epitaxy from organometallic compounds.

The structure was grown in a horizontal inductively heated

reactor at a pressure of 200 mbar. The carrier gas was hy- Excitation

drogen, the source of group Ill elements was trimethylgal- L l

lium and trimethylaluminum, and the nitrogen source was

ammonia. A (0001}x 30" oriented polished sapphire sub-
strate was used. Before being inserted in the reactor, the
substrate was degreased in organic solvents, etched with HF \;5>

+ HNO; (1:3), washed with water, and dried. The buffer Emission
layer was formed by GaN deposited at 510 °C. The fluxes / Ala1GagsN 800A

of trimethylgallium, ammonia, and hydrogen were ( GaN 0.4pm
45 ymol/min, 1.5 liter/min, and 4.5 liter/min, respectively.
After the buffer layer had been annealed at 1000 °C in an

ammonia atmosphere, an epitaxial layer of GaN began to be )A]“Ga“’N 3ym
deposited at 1040 °C. The trimethylgallium, ammonia, and
hydrogen fluxes were 3gmol/min, 2.5 liter/min, and 4.5 [GaN 0.4pm
liter/min, respectively. During growth of the AlGaN layers, a \ AlLO; (0001)
trimethylaluminum flux of 1.5«mol/min was supplied to the

reactor. The growth rate wasgan/h. FIG. 1. Diagram of structure and experimental geometry.
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tion mode. The experimental geometry and the structure aras functions of the pump density. At pump densities above
shown schematically in Fig. 1. the threshold the photoluminescence line narrows abruptly
Luminescence spectra for various pump densities arand the position of its peak changes. With further increase in
shown in Fig. 2b, which also gives the spectrum of the phopump intensity, the line broadens slightly and begins to be
toluminescence from the surface of the sample excited by ahifted toward lower energies. The results of an approxima-
He—Cd laser(1 W/cn?). The slight difference between the tion of the experimental dat@ig. 3, dashed curveyield the
spectra of the photoluminescence from the end and from the
surface can be attributed to self-absorption as radiation is

extracted from the end. It can be seen from Fig. 2b that a
pump densities around 40 kW/éra narrow stimulated emis-
sion peak is observed at the long-wavelength wing of the
spontaneous emission line. The integrated intensity of thi
photoluminescence from the end is plotted as a function o
the pump powerP (1), in Fig. 2a. The superlinear increase in
intensity supports the observation of stimulated emission. Ar
interesting result deduced from Fig. 2a is that the depen
dence of the integrated photoluminescence intensity on th
pump density has a clearly defined kink. This effect is more
usually associated with lasing than with stimulated emissior
and may be explained as follows. For the optical measure
ments the structure is cleaved into smaller pieces on the sul
strate side. This cleaving of the substrate in the epitaxia
layer may produce cracks which may form well cleaved
[0110] faces. Two neighboring cracks may form a cavity.
Another possible explanation for this effect is that GaN films
grown by organometallic chemical vapor deposition may ex-
hibit domains having characteristic dimensions of 0.1-0.Z
um (Ref. 5. Thus these domain sizes are close to the wave
length of light in the crystal. The clearly defined threshold on
the curveP(I) may thus be caused by an effect similar to
distributed feedback.

As far as we are aware, our threshold pump dengity
kWi/cn?) is comparable with the best results published for
GaN/AlGaN double heterostructures at 77 (80 kw/cn?
(Ref. 4) and is substantially lower than the threshold densi-
ties for GaN layerg500 kWi/cnt (Ref. 6 at 10 K).
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FIG. 3. Full width at half-maximum and peak position of luminescence line

Figure 3 gives the full width at half-maximum and the j fnctions of excitation density. The dashed curve gives the approximation

peak position of the luminescence lit@imulated emission
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following expression for the shift of the stimulated emissionCONCLUSIONS
line as a function of the pump intensity:
_ Stimulated emission has been demonstrated in an opti-
— _ 8/n1/3 1/3
E=Ey—0.93<10"*(n™*+p™), @ cally pumped AIGaN/GaN double heterostructure. The
wheren=p is the density of photoexcited carriers, which is threshold pump density at 77 K was 40 kW/cwhich is

related to the pump density by: comparable with the best results obtained for similar samples
(wr hc , at this temperature.
"l N @

whered is the thickness of the GaN layer (Ow4m), 7 is the
pulse length(5 ng, and\ =337.1 nm.

Similar behavior was obtained for GaARef. 7) and  'S. Nakamura, inProceedings of the International Symposium on Blue
was explained by invoking electron—electron and hole—hole, -aser and Light Emitting Diode<Chiba University, Japan, 1996.

. - ; 2. Akasaki, Jpn. J. Appl. Phys. Part3, L1517 (1995.
interactions, which reduce the ground'State energy of the*H. Amano, N. Watanabe, N. Koide, and I. Akasaki, Jpn. J. Appl. Phys.

electron—hole plasm@.e., decreases the band gapheoret- Part 2,32, L1000 (1993.
ical calculation8 yield the following expression: “R. L. Aggarwal, P. A. Maki, R. J. Molnar, Z. L. Liau, and I. Melngails,
8 13, 1/ J. Appl. Phys79, 2148(1996.
E=E4—1.6X10 *(n""+p 3. (3 SF. A. Ponce, D. P. Bour, W. Gp, and P. J. Wright, Appl. Phys. Le@8,

. . 7 (1996.
The good agreement between the theoretical calculations an€k. 4. yang, T. 3. Schmidt, W. Shan, J. J. Song, and B. Goldenberg, Appl.

the experimental data suggests that the stimulated emissiorPhys. Lett.66, 1 (1995.

involves band—band transitions while electron—electron and H- C. Casey and F. Stern Jr., J. Appl. Ph4%, 631(1976.
hole—hole exchange interactions are responsible for the long-"- A Wolfl: Phys. Rev126, 405(1962.

wavelength shift of the stimulated emission line. Translated by R. M. Durham
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Phase conjugation in four-wave mixing of cw radiation under conditions of strong
self-interaction

V. I. lvanov, A. |. lllarionov, and I. A. Korosteleva

Far-East State Academy of Transportation, Khabarovsk
(Submitted November 10, 1996
Pis’'ma Zh. Tekh. Fiz23, 60—63(August 12, 199Y

An experimental investigation is made of the influence of strong self-interaction of the reference
waves on phase conjugation in four-wave mixing of cw radiation in a medium with a

thermal nonlinearity. It is shown that the thermal lens formed by the Gaussian reference beams
reduces the nonlinear reflection coefficient apprecidbéveral-fold and causes a

deterioration in the phase conjugation quality. 1®97 American Institute of Physics.
[S1063-785(107)01108-1

Thermally induced nonlinearities are responsible forin Fig. 1. In Fig. 1a the scale of the ordinate is reduced by a
highly efficient nonlinear reflection in four-wave mixing of factor of ten compared with that in Fig. 1b. It can be seen
low-intensity radiation. However, in four-wave mixing of that the after passage through the cell, the beam is converted
long pulses or cw radiation phase conjugation is accompanto a ring whose diameter is between two and three times
nied by significant side effects which restrict the potential forthe characteristic size of the incident Gaussian beam.
optimizing the parameters of the phase-conjugating mirror.  Four-wave mixing experiments were carried out using a
These effects include, for example, thermally induced consystem where a second reference wave was formed by reflec-
vection and also the formation of a thermal lens induced byion from a retroreflecting mirror positioned beyond the cell
the nonuniform transverse distribution of the beam intensitycontaining the nonlinear medium. Figure 2a gives the non-
Self-interaction of the reference waves gives rise to signifilinear reflection coefficienR as a function of the distance
cant distortions of the phase-conjugate wavefront since corbetween the cell and the mirror forming the second reference
jugate pump waves are required in a phase conjugationwave. The transmission of the cell was close to the optimum
four-wave mixing system. (the absorption coefficient of the mediumads~L ™). The

The influence of a thermal lens on phase conjugation irdecrease in the reflection coefficieRtwith increasingz is
four-wave mixing has been investigated by various authorsaused by two factorsFor largez (z> w/sin 6), wherew is
(for example, Refs. 1 and) 2vith the most detailed study the beam radius in the plane of the gebhe behavior of
being reported in Ref. 3, but these results were obtained urR(z) is caused by the action of the thermal lens. Since the
der conditions of weak self-interaction whose description idocal nonlinear reflection coefficient is proportional to the
confined to the paraxial approximation. The main aim of ourproduct of the reference wave intensities, a drop in the inten-
experimental investigations described below was to examinsity of the second reference wave in the plane of the cell
strong self-defocusing of the radiation, where the aberrationkeads to a corresponding decrease B as given by
of the thermal lens become appreciablm this case, the R(z)~Ry(1+zf 1)~? (whereR, is the nonlinear reflection
self-interaction of a Gaussian beam can only be analyzedoefficient in the absence of self-interaction drid the focal
theoretically in the wave optics approximation and numericalength of the thermal lensThis conclusion is supported by
methods must be appliéd. the fact that the characteristic time for the decrease in the

In these experiments we investigated the transverse diseflection coefficientR is the same as the time taken for
tribution of the laser beam intensit\ €10.6 um) beyond formation of the thermal len€-ig. 2b). The reflection coef-
an acetone-containing cell of thickneks=230um as a ficient reaches a maximum after 20 ms, which is determined
function of the distance before the cell. A detector with a by the period of the grating, and then over a period of a few
0.2<0.5 mm diaphragm was moved horizontally in the planeminutes comes to a steady-state value approximately a third
perpendicular to the beam to record the transverse intensityf the maximum for a few second. The abrupt increasR in
distribution. The power of the beam incident on the cell waswith decreasing (in the rangez< w/sin 6) is caused by the
7.1 W. Transverse intensity profiles of the beam are showsmadditional contribution made by the grating recorded by the

3
2  Smm o .
—y FIG. 1. Transverse intensity distributioa — Gaussian

1 beam before cellb — reference beam after passage
through liquid cell at different distances from the cell,
cm:1— 22,2 — 30,3 — 39; c — phase-conjugate waves
— channel.

a b c
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signal and reference waves reflected by the retroreflectiniens and the increasing divergence of the reflected viéve,
mirror. Forz=0, the additional grating can increase the non-evolution of the transverse intensity distribution of the refer-
linear reflection coefficient by a factor of fodifThis contri-  ence waves reduces the region of overlap of the interacting
bution disappears when the reflected signal wave does netaves and thus decreases the reflection coefficient. Second,
overlap the reference wave. the experiments have demonstrated that strong defocusing of
The transverse distribution of the wave intensity in thethe reference waves causes a significant deterioration in the
phase-conjugated wavefront channel is shown in Fig. lconjugation quality. Thus the action of the thermal lens must
(z=22 cm. It can be seen that the phase-conjugated wavebe restricted to obtain high-quality phase conjugation in
front is a beam with a non-Gaussian structure and is mucfour-wave mixing of quasi-cw radiation. Note that phase cor-
broader than the signal beam. Since the distortions areection methods are only suitable for weak defocusing
mainly caused by the thermal lens, in order to obtain high{f>L), because in the opposite case, the phase distortions
quality phase conjugation the influence of this lens mustre converted into amplitude distortions over the thickness of
somehow be reduced, for example, by focusing the signahe nonlinear medium.
wave using independent pump Waves. 1y, B. Gerasimov, A. V. Golyanov, M. N. Goryacheea al., Kvantovaya
.Steady-State phasc_a ConJUQatlor.] Wa_S also observed eX-EI.ekiron.(Mosco(M .13,.338 (1986’ [S;)v..J. Quantum Eléctroaa 223
perimentally. The maximum recording time was around 10 (19ggq].
min, which is many times longer than the time taken to form 20. L. Antipov, Kvantovaya Elektron(Moscow 14, 728 (1987 [Sov. J.
the refractive index grating in the liquid, the lens formation SguintmﬂE(';th”f’ égﬁélfﬂi Shukovet al. Preprint No. 19d(n
tlme," an,d th? “conveqtlye" time. The Ste,a_dy_State phase Rijss.iaﬁ, Ir?stit’ute.oprpIie(’j Phys.ics, Academyqof Scri)ences c;fthe USSR,
conjugation time was limited by the instability of the laser gorkir (1983.
power and by boiling of the liquid. 4D. C. Smith, Proc. IEEB5, 1679(1977).
These results can be used to assess the influence of sefft Sh- Beluga, B. S. Vinevich, and L. L. Kolosovskaya, Opt. Spektr6gk.
defocusing on phase conjugation in four-wave mixing. First, >o+ (1980 [Opt. SpectrosdUSSR 50, 262 (1981

in addition to the phase distortions induced by the thermafranslated by R. M. Durham
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Thermoelectric elements based on compounds of silicon and transition metals
M. I. Fedorov, V. K. Zaitsev, F. Yu. Solomkin, and M. V. Vedernikov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted April 15, 199y
Pis’'ma zZh. Tekh. Fiz23, 64—69(August 12, 199¥

Semiconducting compounds based on silicides of 3d transition mM#alSi; ;s and CoS) are
promising thermoelectric materials for mass-produced thermoelectric generators. Their
practical use has been delayed so far by the lack of reliable switching. Electrochemical surface
treatment technology and metal deposition were used to obtain thermal-cycling-resistant,
switching and antidiffusion metal coatingdi, Co, Fe, Cj with an electrical resistivity up to

10" % Q- cn? in the metal—semiconductor region. This technology was applied to develop

a series of thermoelements and thermoelectric generators having wide-ranging applications.
© 1997 American Institute of Physids$1063-785(07)01208-1

In addition to high efficiency, crucial requirements for rate is reduced by several orders of magnitude and the con-
many important practical applications of thermoelectric gentacts may retain their properties over the entire operating life.
erators include cheap starting materials, capacity to operatthe most reliable bonds are made by first depositing the
in air and in vacuum without any protection, high mechani-switching element material onto the surfaces of the thermo-
cal strength, and environmental friendliness. All these reelement branches.
guirements can be fully met by compounds of silicon with The most suitable switching material for HSM and CoSi
transition metals. is nickel. Like cobalt monosilicide, it may also serve as a

Among the various silicide-based thermoelectric materi-second (passive branch for HSM-based thermoelectric
als, the most promising are the high-silicon manganese siligeneratoré.Nickel can switch the generator branches up to
cide, MnSj 71_1.75 (HSM), solid solutions based on M8i, 600 °C. At high temperatures it readily diffuses into HSM
and cobalt monosilicidé The efficiency of these compounds (Ref. 5 and may provide a reliable junction. However, the
is comparable with that of conventional chalcogenide therhigh coefficient of nickel diffusion into HSM may cause an
moelectric materials, but their physicochemical, mechanicalexcessively thick transition layer to form because of contact
and cost parameters are considerably supéridrese mate- alloying. This alloying usually increases the resistance of the
rials are particularly promising for the mass production oftransition layef which reduces the efficiency of the thermo-
thermoelectric generators, including generators for the caelement. Thus antidiffusion layers must be incorporated at
thodic protection of gas and oil pipelines from corrosion,the high-temperature junctions of the generators when nickel
thermoelectric generators designed to utilize waste heat, aralitching is used. These antidiffusion layers may be
also everyday standalone thermoelectric power supplieshromiund or iron.

Thermoelements and thermoelectric modules utilizing HSM  Various methods of applying metal coatings are now
as thep-branch material and cobalt or nickel monosilicide asused in semiconductor instrument manufacture. The most
the n-branch have now been developed at the Laboratory ofommonly used are vacuum deposition, compressing, and
Thermoelement Physics at the A. F. loffe Physicotechnicathemical and electrochemical deposition of the metal.
Institute of the Russian Academy of Sciences. Electrochemical growth of metal coatings is an advanced

Until recently, the widespread use of these thermoelecmethod which combines preliminary treatment of the semi-
tric materials was delayed by the lack of reliable switching.conductor surfacéestching and deposition of the metal coat-
The contacts need to retain their electrical parameters undérg in a single operation. This procedure reduces the thick-
repeated thermal cycling and should possess high mechaniaga¢ss of the transition layer and therefore lowers the
strength. In addition, the high-temperature operating condiresistance of the metal-semiconductor interface. Unlike
tions impose additional constraints on the choice of switch-other methods, a wide range of materials can be (dieelc-
ing materials and their fabrication technology. The metaldionally crystallized single crystals, textured and fused
used as contacts and the semiconductor material should hasampleg and thick (up to 200.m) metal coatings suitable
similar coefficients of linear expansion. It should also befor thermal diffusion welding with external current supplies
borne in mind that metal may diffuse into the semiconductorcan be grown rapidly. In order to obtain the highest-quality
which frequently causes degradation of the devices. This diflayers, the electrolyte must combine the properties of a pol-
fusion may be reduced by incorporating intermediate antidishing etchant with the correct composition for deposition of
iffusion layers. the metal layers.

The present authors have suggested using diffusion The electrolytes were prepared by a procedure devel-
welding in vacuum for this purposeThe bond is made by oped by the authors, where the base composition of the elec-
interdiffusion of the branch materials and switching elementgrolyte is determined according to its absorption of light at a
at a temperature considerably higher than the operating tengiven wavelength. The composition of all these electrolytes
perature. At the lower operating temperature the diffusioris based on a water-soluble transition-metal salt and hydro-
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TABLE |. Total thermoelectric power versus hot junction temperature.

500 [ Hot junction temperature, K Total thermoelectric power, V
L 1
L 400 0.1
[ 600 0.25
400 - 700 0.35
800 0.45

[ 850 0.55
300 |- 2/ 920 0.6

AC1I2

200 3
1 / /4 - | In mechanical tearing tests the coatings came off to-

100 | P . gether with the semiconductor material.
[ ¢// -5 These thermoelectric materials and methods of preparing
TATT e r switching and antidiffusion layers were used to develop a
Y —_ 100 — 150 series of thermoelements and thermoelectric generators for a

wide range of applications, based on a thermoelectric module
Concentration HF, g/l comprising a bank of ten elements. Théranch was made
i o _ of HSM and then-branch of nickel. The optimum ratio of
FIQ. 1. Depgndence OA? on the hydroﬂ.uorlc acid concgntratlon for HSM and nickel cross sections is 50 and thus rikeranch
various solutions of transition metal sulfatds— FeSQ (200 g/liten, 2 — . . ) .
NSO, (400 gllited, 3 — NiSO, (200 gllited, 4 — CoSQ, (300 gllitey, and ~ May be made of nickel strip which also functions as a
5 — CoSQ, (200 gllited. switching element. A chromium antidiffusion layer and a
nickel switching layer were deposited on the contact areas of
the p-branch to ensure a low-resistance, reliable electrical

luoric acid. The relation between the optical properties of theconnection. All the elements in the bank were connected by
solution and its HF content was analyzed by plotting thediffusion welding in vacuum in a single process. The total
ratio of the light transmission of an aqueous solution of HFthermoelectric power was measured as a function of the hot
of a given concentration to the transmission of a salt solutiogunction temperature for the modules under near-operating
having the same concentration of hydrofluoric a¢fk rela- ~ conditions(see Table)L All the modules had identical prop-
tive absorptionA) at a given wavelength\(=0.86 um) as a  €rties. Tests were also carried out on a prototype of the ther-
function of the HF concentratioB: A= f(C). It was shown Moelectric generator consisting of five series-connected
experimentally that for HF concentrations of 50—100 ml/liter modules. This generator delivered rated powers and working
the relative absorption has a minimum for all the solutionsVvoltages 61 W and 1.5 V, respectively.
By analyzing these curves, plotted in the coordinates TO sum up, it has been shown that in principle general-
AC®®=f(C) (see Fig. 1, and comparing them with the Ppurpose thermoelectric generators utilizing transition metal
properties of the layers, we were able to identify a criterionsilicides can be produced commercially.
for the applicability and efficacy of these compositions. The
solutions can be used for concentrations near the relative
absorption minimum ifACY? is less than 1.5—1.6 times this 1v. K. zaitsev and M. I. Fedorov, Fiz. Tekh. Poluprovo@®, 946 (1995
minimum value. [Semiconductor®9, 490(1995].

This range of HF concentrations is common to all these M- I- Fedorov, E. A. Gurieva, L. V. Prokofeva, and V. K. Zaitsev, in

. e L. Proceedings of the 14th International Conference on Thermoelectrics

solutions and may be used as the “initial” composition t0 s petersburg, 1995, pp. 254—258.
develop electrolytes which combine the properties of polish-3m. I. Fedorov, A. E. Engalychev, V. K. Zaitsev, A. E. Kaliazin, and F. Yu.
ing etchant and composition suitable for the deposition of Solomkin, inProceedings of the 13th International Conference on Ther-

. IS TN moelectric Energy Conversipiansas City, 1994, pp. 324-327.
metal layerS(Fe’ Ni, Co, C) on transition-metal silicides, 4M. I. Fedorov and V. K. ZaitsevSemimetals as Materials for Thermo-

silicon, and.Si_"(fon carbide. _ N electric Generatorsin CRC Handbook of Thermoelectricedited by
The resistivity of the metal—-semiconductor transition re- D. M. Rowe (CRC Press, New York, 1995pp. 299-309.

gion was measured by a microprobe method and did nofL. I. Petrova, L. D. Dudkin, and V. S. Khlomov, Neorg. Mat8&d, 1216
5 : . (1995.

exceed 10 Q.sz' Since these ContaCts are Ohmic, they_ 61. A. Drabkin, Thermoelectrics and Their ApplicatiofSt. Petersburg,

can be used not only to develop and fabricate thermoelectric 1997, pp. 132-135.

generators but also to study the physical properties of ther?L. I. Petrova, L. D. Dudkin, V. S. Khlomov, M. I. Fedorov, V. K. Zgev,

moelectric materials, During thermal cycling at temperatures and F. Yu. SolomkinThermoelectrics and Their Applicatidi$t. Peters-
) . . 1 . 102-105.

of 300-1000 K the coatings withstood 100 cycles without burg, 1997, pp. 102-105

any significant change in properties. Translated by R. M. Durham

603 Tech. Phys. Lett. 23 (8), August 1997 Fedorov et al. 603



Modification of the phase transition in cesium niobate under gamma irradiation
V. N. Belomestnykh and A. P. Mamontov

Tomsk Polytechnic University
(Submitted March 28, 1997
Pis’'ma zZh. Tekh. Fiz23, 70-74(August 12, 199¥

Ultrasonic techniques are used to study the phase behavior of cesium niobate under gamma
irradiation. It is shown that the irradiation shifts the anomalies of the internal friction and velocity
of sound toward lower temperatures as a result of structural ordering of cesium niobate
crystals. ©1997 American Institute of Physid$$1063-785(17)01308-9

Cesium nitrate, CsNg) is an excellent material for and velocity of the ultrasonic wavega finite peak for the
studying radiation-stimulated processes in polymorphidunction Q %(T) and a continuous negative step for the
crystalst= It has been established that the crystal structurdunctionV(T)) are recorded nedf=T,. In accordance with
of this compound undergoes high-temperature changes undtire classification given in Ref. 7, the anomalies of these pa-
gamma irradiation. The critical dose of ionizing radiation atrameters indicate that the phase transition in CgNtbuld
which a transition takes place from the trigofjpseudohex- be considered to be isothermal to a considerable extent.
agonal) to the cubic modification is determined by the crystal These results also indicate an enhanced degree of orienta-
growth conditions and depends on the concentration of strudional melting of the anion sublattice accompanying the
tural defects. On exposure to high gamma radiation dose$;sNG; Il — CsNG; | transition, which is typical of pseudo-
the Curie point is shifted toward high temperatures as a replastic materials. This last factor supports the model of well-
sult of the incorporation of radiation defeéts. defined dislocation preference which promotes a change in

It is interesting to study the phase behavior of CsN®  the concentration of unit vacancies in irradiated CgN(@Qys-
ultrasonic techniques based on measuring the propagatidals and helps to attain the critical value required for
characteristics of elastic waves. We present results of sudiadiation-stimulated rearrangement of the crystal structure.
studies and we show how low gamma radiation doses influ- Gamma irradiation shifts the anomalies@f *(T) and
ence the phase behavior of CsN@ystals. v(T) toward lower temperaturesl & 373 K), modifies the

The spectra of acoustic parametéise internal friction form of these anomaliegeduces the internal friction maxi-
Q! and the propagation velocity of the longitudinal ul- mum and the sound velocity jumpnduces a larger spread
trasonic waveswere studied in unirradiated and irradiated over temperature, and reduces the absolute value of the ve-
CsNQ; crystals in the temperature range 300—-450 K, whichlocity of sound in the CsN@II phase and increases it in the
includes the structural phase transition polt~427 K  CsNG; | phase. All these factors indicate that in irradiated
(Ref. 5. The changes i® ! andv were determined usinga CSNO; samples, the acoustic anomalies lose the features
composite piezoelectric vibrator at a frequency~of(®> Hz ~ characteristic of typical continuous phase transitions in solids
for which the relative amplitude of the bending modes wagand acquire the characteristic features inherent in the prefer-
~1077. The relative errors for the measured values wereehtial removal of point defects.

Av/v=2%10"° and AQ Y/Q 1=5x10"2. The crystal The observed modification of the temperature spectra of
temperature varied at a rate 6f0.1 K/min and was con- the acoustic parameters of gamma-irradiated Cshi@stal
trolled to within 0.1 K. can be explained as follows. The Csh€rystals are in ini-

Cesium nitrate polycrystals were prepared by hot preSstjal states far from thermodynamic equilibrium. The estab-
ing high-purity powder into pellets in vacuum. The density
of the polycrystalline samples was 3.5 gfmhich is close
to the tabulated density of CsNOI (Ref. 6. The samples
were 2x2 mm rods whose length was selected to contain a
half-wavelength of the ultrasound at the measurement fre-
guency. All the samples underwent isothermal annealing at
T.n=400 K and were cooled at a rate of 3 K/h. The samples =
were irradiated by gamma radiation froni%o source using
an “Issledovatel” gamma irradiation facility and were ex-
posed to a dose of $(R. The temperature of the samples
during irradiation did not exceed 300 K.

The results of the measurements @r* andv are plot-
ted in Figs. 1 and 2, respectively, for unirradiatedrvesl)
and irradiated sampleicurves?2). It can be seen that the
temperature spectra of the acoustic parameters for the unir-
radiated and irradiated samples show substantial differencegig. 1. internal friction versus temperature of unirradiatedrve 1) and
For the unirradiated samples, anomalies in the attenuatiogamma-irradiated cesium nitrateurve 2).

0 L 1
300 350 400 7,K
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30 point defects in the crystal. An increase in temperature in the
’ defect annihilation zone removes stresses with a release of
the energy stored in the crystal. This produces states with a
lower entropy than the initial entropy, characterizing the or-
dering of the crystal structure. These highly unlikely states
from the equilibrium thermodynamics point of view may ex-
ist indefinitely for a defect density above a certain critical
value. These states are determined by the barrier height and
x—x  the annihilation energy, and by the effective thermal conduc-
tivity and the transition frequency. The processes then be-
come self-sustaining and lead to qualitative changes in the
organization of the CsN{kcrystals as a result of a transition
from one quasistable state to another, which is observed as a
10 ' ' shift of the observed anomalies in the CsN@ystals ex-
300 350 400 7,k posed to low gamma radiation doses.

FIG. 2. Propagation velocity of longitudinal ultrasonic waves versus tem-
perature of unirradiatedcurve 1) and gamma-irradiated cesium nitrate

1 .
(curve?). E. V. Kolontsova, A. V. Korneev, and V. P. Lutsenko, Kristallografag

656 (1978 [Sov. Phys. Crystallog23, 367 (1978].
2E. V. Kolontsova, S. V. Red’ko, and V. P. Lutsenko, Dokl. Akad. Nauk
SSSR298 859 (1988 [Sov. Phys. Dokl33, 144 (1988)].

. . . 3B. A. Maksimov, L. A. Muradyaret al, Dokl. Akad. Nauk SSSR98
lishment of equilibrium is impeded by the energy parameters 1390 (1988 [Sov. Phys. Dok33, 92 (1988].

of the defect and impurity rearrangements. Exposure of*N. Mukhtarov and N. K. Yushin, Pis'ma Zh. Tekh. Fz1(21), 39 (1995
CsNGQ; crystals to low gamma radiation doses can substan-[Tech. Phys. Lett21 879 (1995].

. . e N. G. Parsonage and L. A. StaveDisorder in Crystals(Oxford Univer-
tially reduce their initial degree of nonequilibrium. Exposure sity Press, Oxford, 1974Russ. transl., Mir, Moscow, 1082

of CsNG; crystals to gamma radiation doses at which i0n- épandbook of Chemistrin Russiar, Vol. 2 (Khimiya, Leningrad, 1971
ization processes predominate, promotes annihilation of in-V. N. BelomestnykhAbstracts of papers presented at the 11th Confer-
terstitial atoms with genetically linked vacancies. This anni- €nce on Kinetics and Mechanism of Chemical Reactions in Sfitisk-
hilation process producesbursts, capable of inducing and ~ Cnemegelovka, 1998n Russian, IKhFCh, p. 279.

sustaining self-limiting reactions involving the removal of Translated by R. M. Durham
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Dynamics of surface damage in dry friction
Yu. A. Fadin

Institute of Problems in Mechanical Engineering, Russian Academy of Sciences, St. Petersburg
(Submitted November 15, 1996; resubmitted March 13, 1997
Pis’'ma zZh. Tekh. Fiz23, 75-78(August 12, 199¥

A new approach is proposed to describe friction, based on the dynamic interaction of surface
roughnesses. An analysis is made of two types of interaction, one causing only
deformation of the roughnesses and the other ultimately leading to the appearance of damage
particles. ©1997 American Institute of Physid$$1063-785(7)01408-(

The real surfaces of solids exhibit roughness. In dry fric-contact spots which have appeared as a result of strong
tion the actual contact between the friction surfaces is disroughness interaction, where a microbinding zone forms be-
crete and the total area of contact is small. For instancegween these roughness points. The breakdown of these con-
according to data given in Ref. 1, this area is 0.1-0.01% ofact spots ultimately leads to the appearance of damage par-
the nominal area of the contact surface. High mechanicdicles. The behavioral dynamics of the proposed two-element
stresses are created in these roughness contact @ohietn  system may be described mathematically using the
are usually called contact sphtdVe shall estimate these “predator—prey” formalism, which is one of the simplest
stresses for a single contact spot, for which the roughnesmethods of describing the behavior of nonlinear systems
contact is replaced by a Hertz contéitte contact between a (Lotka—Volterra modé). Let us assume thatis the number
sphere and an elastic half-space under the action of a statid contact spots at which the roughness points only undergo
force P). Then, according to Hurftthe maximum tangential deformation anan are the contact spots which form microb-
Stressrma= 0.46%/ 7rr? is created at the depthy,,,=0.4%,  inding zones followed by the formation of damage particles.
wherer is the radius of the contact spot. The range of variaWe shall then call these particles contact-spot debris.
tion in the diameters of the contact spots for metals is 3—40 The changes in the number of the elements of the system
um (Ref. 3. The maximum tangential stresses will be gen-with time are described by the nonlinear differential equa-
erated at a depth between 1.5 and 2. For a solid at tions
nominal pressures of 2—4 MPa, if the real area of contact

. . dn dm
does not exceed 0.1% of the nominal area, thgg in the —=an—ynm, ——=-—pAm+énm, (1)
vicinity of a single spot reaches the enormous pressure of dt dt

.1_2 GPa, and this is_ neglecting the friction for(?e, WhiChwherey and & are constants characterizing an increase in
increases the tangential stresses still further. Estimated valjementsn and m, respectively, andy and 8 are constants

ues of the tangential stress are thus quite suitable for mogharacterizing a decrease in those parameters. The solutions
metals and are sufficient for the evolution of shear processesy this system of nonlinear equations are periodic, phase-
in the surface layers, following by cracking. The appearanc@ifted, have a complicated form, and have been published in

of damage particles has been observed experimentally at thesf, 5. The expression for the periddhas the form
initial stages of friction, which suggests intensive subsurface

cracking? Contact between single roughness points exists for 2
a finite time, which is determined by the sliding velocity. T= \/ﬁ @)

The dynamics of the contact spots creates a field of mechani-
cal stresses, fluctuating over depth and time, in which surfacand depends only on the constant@and 8 of the elements
cracks form and propagate. Thus the friction between solidsf the system. Two conclusions can be drawn from the peri-
can be treated as a surface dynamical process involving thadicity of the solutions of Eq(1).
simultaneous formation and breakup of numerous contact 1. The periodic change in the number of spots producing
spots. debris implies that in dry friction, a finite volume of material
In this article, particular attention is devoted to the tem-is removed from the material over the tinfeand thus the
poral aspect of the relation between the evolution of the dydamage to the surfadqgvear takes place layer by layer and
namic system formed by the contact spots and the frictionperiodically.
induced surface damage process. 2. The periodic change in the number of contact spots
The roughness points have different heights and thusmplies that during the friction process, the roughness of the
may interact differently in the formation of contact spots contact surface is reproduced from one layer to another.
(Fig. 1. The present analysis is confined to a dynamical The constantsx and 8 can be determined experimen-
system consisting only of two types of elements. The first ardally, for example by using acoustic emission. In the present
the contact spots whose formation is accompanied by elast&tudy, it was observed that all the acoustic emission signals
or plastic deformation of the roughness points. As these correcorded for the dry friction of metals can be divided into
tact spots break down, only the shape of their componertivo types, having durations which differ by one or two or-
roughness points changes. The other type of elements aders of magnitudé€Fig. 2). In the time intervals containing
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FIG. 1. Diagram of contact between rough surfades:= contact between
roughness points accompanied by their deformator; contact zone with
strong roughness interactio, — microbinding zone, and — surface
cracks formed by breakdown of the contact.

FIG. 2. Oscilloscope traces of acoustic emission signals for dry friction

the long acoustic emission signals, debris is observedetween aluminum and stedl:— *“long” signal corresponding to the ap-

. . . . . .pearance of surface debriB— “short” signal corresponding to impact of
yvhereas in the time intervals <_:onta|_n|n_g onl_y short signals, |§urface roughness points.
is not. Thus the short acoustic emission signals may be at-
tributed to deformation phenomena caused by impact be-
tween roughness points, while the long signals are associated o o .
with the appearance of debris. The appearance of the debri<: P. Bowden and D. TaboiThe Friction and Lubrication of Solids
. . . ) . . art | (Clarendon Press, Oxford, 1950
is associated with the loss of type contact spots, i.e., With 2 B Hunt, J. Appl. Phys26, 850 (1955,
the constani3. The rates of generation of the two types of N. B. Demkin, Contact Between Rough Surfadés Russiad (Nauka,
acoustic emission signals may be used as the constants ifMoscow, 1970.

. Yu. A. Fadin, A. M. Leksovski B. M. Ginzburg, and V. P. Bulatov,
formula (2). For example, for aluminum at a pressure of 3 Pis'ma zh. Tekh. Fiz19(5), 10 (1993 [Tech. Phys. Lett19, 136 (193],

; ; ~1 1 ;
MPa and a velocity of 0.6 m/gy is ~5 s"~andg~0.01 s 5V. Volterra, Leons sur la Therie de la Lutte pour la VigGauthier-
which givesT~28 s, which is comparable with the average Villars, Paris, 1931 [Russ. transl., Nauka, Moscow, 1976

experimental value of the period of the layer damage Ob_eghPfBkur:athV'zgillé)Pilaggg [ET- Bhssgako?_/ai tggd?}(g-( gg’i;di”' Pis'ma
tained from the time dependence of the friction coefficients, <" ' & 7424 ecn. Fhys. Lefles '
~40 s(Ref. 6. Translated by R. M. Durham
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Dependence of the empirical model parameters of the surface resistance of a high-
temperature superconducting film on the parameters of the technological process

I. B. Vendik, E. K. GoI'man, S. V. Razumov, A. A. Svishchev, and A. V. Tumarkin

St. Petersburg State Electrical Engineering University
(Submitted April 4, 199y
Pis’'ma Zh. Tekh. Fiz23, 79—-84(August 12, 199Y

The dependence of the surface resistance on the substrate heater temperature has been
investigated for the purpose of optimizing the conditions for preparing,€B#0;_ 5 films. It is
shown that the resistand®,, is highly sensitive to the accuracy of maintaining the

substrate holder temperature to minimize the surface resistance of the films and maximize the
parametery, which determines the temperature-dependent cus{els and A (t).

© 1997 American Institute of PhysidS1063-785(07)01508-5

The surface resistand®,,, of a high-temperature super- high-quality YBCO films have a smaller London penetration
conductor measured in the microwave rarije90 GHz is  depth. At the same time, an investigation of the temperature
an objective integral criterion to determine the suitability of dependence of the resonant frequency of microstripe YBCO-
films for applications in microelectronics. By minimizing the film resonator$has shown that a higher Q and lower surface
surface resistance during development of the technologicaksistance of the films correspond to an increase in the pa-
process of film deposition, it is possible to find the requiredrametery in the model(1)—(3). It can therefore be assumed
optimum technological conditions to prepare such films.  that the model parametessandi | (0) are interrelated.

The surface resistance of a thin high-temperature super- At low temperaturest(0.3), the resistancBg,, is de-
conducting film is satisfactorily described by the phenom-termined by the residual resistance parameteand it is

enological modet: almost impossible to calculatg (0) from the measured sur-
face resistance. At temperatures near the transition point
1 t=t (0.7<t=<1), the parametely has the greatest influence on
an(t)d ¢ R~ Thus the model parametegsanda can be determined
Reu(t) = (wpo)20y(t) )\‘L‘(t) by measuri_ng the surfac_e resistanc_e of high-temperature su-
t<tg, perconducting films of different quality in the superconduct-
1+ [wpoon(DAZ(D)]? d ing state at two temperature pointsear the transition

1) (0.7<t=<1) and fort—0).

Here we present results of a statistical analysis of the
wheret=T/T., T is the temperaturd,. is the superconduct- measured surface microwave resistance of YBCO films at
ing transition temperaturer,(t) is the conductivity involv- t=0.855 (T=77 K). The films were prepared by magnetron
ing normal carriersh | (t) is the London penetration depth of sputtering of a stoichiometric target in a pure oxygen atmo-
the magnetic field in the high-temperature superconduator, sphere. The substrate wagut sapphire with a CeQbuffer
is the frequency, andsy is the magnetic permeability of layer. The thickness of the films varied in the range 0.2-0.3

vacuum. pum.
The temperature dependences of the conductiwifft) The dependence of the surface resistance of the high-
and\ (t) are given by temperature superconducting films on the parameters of the

technological process was investigated to optimize the film

oo ()= o(1t t=1, @) preparation conditions. The substrate heater temperdiure
n oDt 1+ a(1-t7)] t<1, was selected as the control parameter for the process. The
deposition temperature was monitored with a detector
AL(0) mounted on the substrate heater. The measurement error for
(0= 11—t () the heater temperature was0.5°C. The rate of deposition

Four fitting parameters are used: the dimensionless coef-
ficient a, which characterizes the residual conductivity, the
coefficienty, which determines the temperature dependenceABLE .
o(t) and\ (1), the film conductivityo(1) at the supercon-

ducting transition temperaturé=€ 1), and the London depth Parameter Notation Range of variation
AL (0) at zero temperaturd €£0). Typical values of the pa- Residual resistance o 1-20
rameters for thin films of YBgCu;0;_ 5 (YBCO) supercon- ~ Temperature coefficient Y 1.4-2.45
ductor lie within the range indicated in TabléRef. 2 Film conductivity (1) (1-3.5)x10° S/m
. ; t London penetration depth A (0) 0.130-0.26Qum
An analysis of numerous experimental measurements Gfransition temperature T, 88-93 K

the temperature dependence Xf(0) has suggested that
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and the working gas pressure were kept constant from oneithin the possible values given in Table I. We can then find

process to another and werel0.7 A/min and 1 Torr, re- the empirical relation between these parameters:

spectively. The surface microwave resistance was measured .

by a parallel-plate cavity methdet a frequency of 10 GHz A(0)=0.13 expl.27-0.5 y) (um). @)

and T=77 K. The measurement error is estimated as being The values ofy and\(0) calculated using Eq4) for

of the order of= m(). The results of measurements of the the various film samples are plotted in Figs. 2a and 2b, re-

surface microwave resistance of thirteen samples are plottespectively. The solid curves give the least-squares approxi-

in Fig. 1. The solid curve gives the least-squares approximamation. The high-quality films have a minimum surface re-

tion to the experimental data by a third-order polynomial.sistance, maximuny, and minimumh(0).

Quite clearly there is an optimum substrate holder tempera- In summary, by applying a phenonenological model of

ture for which these films have the lowest surface resistancehe surface resistance of a YBCO film to the results of mea-
Using the mode(1)—(3), we determine the parameteys surements, we have established a relationship between the

and\ (0) for each sample for selected fixed fitting param-model parameters, (0) andy, which allows the parameter

eters:Tc=90 K, o(1)=2x10° S/m, anda=6. The thick- vy to be treated as the film quality parameter.

ness of all the films was assumed to be O.d5. We postu- It has been shown that the value R, is highly sensi-

late that there is a unigue correspondence between these to the accuracy of maintaining the substrate holder tem-

parametersy and\ | (0), such that their relative variation lies perature to minimize the surface resistance of the YBCO

24 . a
22
20 o o
18-
16-
14

T T T Th ’OC

804 805 806 807 808 809 FIG. 2. Calculated values of the parametgrand A (0)

for high-temperature superconducting films fabricated at
different substrate holder temperaturgs: a — y, b —

A pum AL(0).
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films and thereby maximize. Further measurements of the *0. Vendik and E. Kollberg, Microwaves RF No. 6, 118993.
surface resistance for samples of different quality at low tem-°0. G. Vendik, A. Yu. Popov, and S. P. Zubko, Pis'ma Zh. Tekh. Fiz.
peratures {<0.3) are required to the determine the interre- 21(15), 6 (1995 [Tech. Phys. Lett21, 585(1993].
: 31. B. Vendik, S. S. Gevorgian, D. |I. Kaparkait al, in Proceedings of the
lation between the parameteysand «. " Vol » | "
; . . 25th EUMGC Vol. 2 (N Media, B , 1995pp. 1205-1208.
This work was carried out under project Nos. 95062 and4R c Tuab(e;r ;ev (SC?ansstruerﬁf 22%8?{';90 95pp
95061 (State Program on “Topical Problems in the Physics '
of Condensed Media)! Translated by R. M. Durham
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Prediction of interphase energies at the interface of heterogeneous metals
V. M. Yakovlev

Samara State Technical University
(Submitted March 24, 1997
Pis’'ma Zh. Tekh. Fiz23, 85—-89(August 12, 199¥

An approach is proposed to estimate the equilibrium values of the free interphase energies at the
interface between two metals using data on their surface energies, heats of vaporization,
electron work functions, and Hertzfeld parameters. Examples of the application of this technique
to separating binary compositions containing iron are presentedl9%7 American

Institute of Physicg.S1063-785(107)01608-X

In the recommended well-known relations used to apatom, V=V, N,*, V., is the molar volume, N, is
proximate the interphase energyg in two-phase, two- Avogadro’s numbera, b, andc are proportionality factors,
component metal systems, the discrepancy between the calndD is the strengthening effect of the heteroatomic bonds
culations and the experimental data may be 1.5 orders afaused byspd hybridization of the electron sheffsin for-
magnitude or moré.These discrepancies are caused mainlymula (2) the parameteA() expresses the imbalance of the
by neglecting various characteristic features of the chemicaiomopolar interaction energies, and the texd is similar
heteronuclear interaction at the metal interface. to the ionic correctiod. According to the definition, the

It is demonstrated here that the role of interaction selecvalue of Ay approximates the difference between the de-
tivity may be taken into account in estimates @f,;5 by  formabilities in different-species neutral Wigner—Seitz cells
using the properties of the initial simple substances: the freand defines the energy used in equalizing the molar volumes
surface energies g at the interface with its own vapor, the of the ingredients during alloy formatiofthe relative de-
heats of vaporizatioffor liquid) or sublimation(for the solid  formability of the cell is taken ayas) (Ref. 6)].
phase Q). the electron work functionb ), and the This analysis for binary systems formed by metals with
dimensionless Hertzfeld parametefs ). Examples se- different types of electron configuration has shown that for-
lected to demonstrate the application of this approach wergula (2) satisfactorily describes most of the known data on
several compounds of iron with lower-melting metals, for s, for a=b=1 eV'! andc=1. It has been established
which comparatively reliable experimental data are availableéhat D~ f(Q,0g)*? (f=0.27£0.01 eV'!) for the com-
for the interphase energies. pounds of transition and polyvalent nontransition metals with

It was shown in Ref. 2 that the concept of surface brokerspd strengthening selected in Ref. 3. In systems incorporat-
bonds and concepts of the phase interface as a two-levelg only d-metals, including Cu, Ag, and Au, we firdl=0.
energy system may be applied to expregg in the form Table | gives results of estimating,, s from expression

l{ QA/B) (2) for four systems formed by iron&) in the liquid(l) and
l1-—expg —
vRT

) (1) solid polycrystalline §) states with molten copper, silver,
tin, and lead B), having positive deviations from ideality.

Here, ),z is the interchange energR is the universal gas The calculations were made using the well-known handbook
constant, and is the absolute temperature; the exponentialdata on{) ) and the metal densities at various tempera-
function gives the fraction of compensated bonds as a resultres, and also data on their atomic weights and volume co-
of the establishment of equilibrium when an interphase conefficients of thermal expansion. The values @f did not
tact is formed(the coefficient isv=8 for systems including differ from those used in Refs. 7 and 8: 8.4, 6.0, 7.2, 8.8, and
transition metals 7.0 (10 %°md) for Fe, Cu, Ag, Pb, and Sn, respectively. The

Relation (1) can give results which agree satisfactorily electron work function of iron is taken as 4.8 €Ref. 9Y
with the known experimental values ofyg, but is difficult ~ for the solid phase and 4.31 efRef. 10? for the liquid
to use because no published experimental valués,gf are  phase. Since there are no sufficiently reliable experimental
available for many alloys. data, the values abg for molten Cu and Ag were calculated

It is assumed that the argument of the exponential funcby the formulas presented in Refs. 7 and 11 using the effec-
tion in expression(1) gives the relative change in the bond tive number of free electrons per atém®(4.11 and 3.95 eV,
energies accompanying the formation of the compoff®,  respectively. The work functions of Pi§3.54 eV at 1373 K
and existing models of this characteristic are taken into acand Sn(3.53 eV at 1809 Kwere obtained by extrapolating
count. Approximating the main components in the latter, exthe linear curvesbg(T) obtained in Ref. 14. Measurements
pression(1) is written as follows: of the surface tension and its temperature coefficient for the

y-phase of irof were used as the surface energy of solid-
oas~|oa—ogl{l—exgd —(aAQ—-BA® +cAy—D)]}, state Fe. Experimental values @f g, given in Ref. 16 were
@) taken for the liquid metals.

where AQ=|Q,—Qg|, ADP=|P—Dg|, Ay=|yar— 78l It can be seen from the data presented in Table | that for
'yA(B)=aOV_1, ap is the static dipole polarizability of an these systems the calculated and experimental values of the

O'A/lea'A_O'Bl
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TABLE |. Values of the characteristicgag) (10 % m®), AQ (eV), AD M. P. Dokhov, Pis'ma zh. Tekh. Fi22(12), 25(1996 [Tech. Phys. Lett.
(eV), D, and also of the surface and interphase energigsm™2) at tem- 22, 489(1996)].

peratureT (K). 2V. M. Yakovlev and A. V. Fomichev, Tr. SNO, Samara State Technical
University, 40(1996.

Parameter SysterA—B 3R. Boom, F. R. de Boer, A. K. Niessest al, Physica B/C115 285
(1983.

FeCy FeAg, FePh Fasn 4V. M. Yakovlev, A. P. Bakulin, and T. V. Lekomtseva, Deposited Paper
T 1398 1373 1373 1809 No. 2055-V96[in Russiaf, VINITI (1996.
Va 11.72 11.70 11.70 13.22 5C. H. Hodges and M. J. Stott, Philos. M, 375 (1972.
Vg 13.18 19.49 34.92 31.66 V. M. Yakovlev and B. B. Alchagirov, Izv. Ross. Akad. Nauk Ser. Fiz.
AQ 0.835 1.39 2.39 1.27 58(10), 146 (1994).
AD 0.69 0.85 1.26 0.78 V. M. Yakovlev, Poverkhnost' No. 12, 161994.
D 0 0 0.72 0.875 8V. M. Yakovlev and B. B. Alchagirov, Deposited Paper No. 81-\[a%
oa 2552.5 2590 2590 1862 Russian, VINITI (1995. .
o 1320.5 896 380 428 9R. Kh. Burshtén, N. A. Shurmovskaya, T. V. Kalistet al, Elektro-
o (calc) 410 997 1289 35 khimiya 13, 799 (1977.

one (€xp) 430(Ref. 17 970(Ref. 17 1270(Ref. 17 30 (Ref. 18 10y, S. FomenkoEmission Properties of Materialin Russiaf, Naukova
Dumka, Kiev(1981).

11y, M. Yakovlev, Deposited Paper No. 2385-B®& Russian, VINITI
(1993.

. - . 12F, J. Blatt,Physics of Electronic Conduction in SoliddcGraw-Hill, New
interphase energy are similar. This means #gg can be York, 1968.

estimated using the characteristics of the initial simple Sub3F. Faber,Physics of Metals. I. ElectronfRuss. transl., Mir, Moscow,
stances in a given temperature range. 1972

; 1 1B, B. Alchagirov, Kh. Kh. Kalazhokov, and Kh. B. Khokonov, Poverkh-
Tp conclude, the prop_o_se_d apprqach can, in _pr!nC|pIe, nost No. 7, 49(1982,
take into account the specific interaction characteristics in &y, 5. khokonov, Surface Effects in Melts and Solid Phases Formed

specific pair of metals, without recourse to experiments. From Then(in Russian, Shtiintsa, Kishine 1974).
168, J. Keene, Int. Mater. Re&8, 157 (1993.
17y, Missol, Surface Energy of Phase Separation in Mefais Russian,

Dit is assumed that there is no jump in the electron work function for thelSMetaIIurgiya, MOSCOV‘“W,& )
B—y polymorphic transformation in iroH. A. A. Zhukov, S. I. Popel’, and I. L. MaslovaAdhesion of Melts and

2The recommended value for a highly disordered structure. Soldering of Materialdin Russiad, Naukova Dumka, Kiey1982.

Translated by R. M. Durham
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Compensation of parasitic polarization modulation in a fiber-optic gyroscope
E. I. Alekseev and E. N. Bazarov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino
(Submitted March 17, 1997
Pis’'ma zZh. Tekh. Fiz23, 90-94(August 12, 199¥

It has been shown that the influence of parasitic polarization modulation on the precision of a fiber-
optic gyroscope may be reduced substantially by incorporating reflection-type phase

modulators with conversion of polarization modes. 1®97 American Institute of Physics.
[S1063-785(17)01708-4

Parasitic polarization modulation accompanying the op-When writing formula(2), we utilized the fact that the Jones
eration of fiber and integrated-optics phase modulators is matrices of reciprocal elements for counterpropagating radia-
serious factor that limits the precision of a fiber-optic tion are related by a transposition operation.
gyroscopé:® One method of reducing parasitic polarization |t can be seen from Ed2) that the time dependence of
modulation involves constructing the phase modulator as tWeha jones matrix of the modulator is only contained in the

nominally identical halves, betwee_n Wh'Ch s inserted a mOd(?mmerical phase factor, which indicates that parasitic polar-
converter that converts the polarization modes from one to

another® The differential phase modulation of the polariza- |zat|or.1-modula-t|on. IS not obsgrveq n t.hITQ' case..Any. type of
Jparasitic polarization modulation is eliminated in this case,

is compensated by differential phase modulation of the opi_ncIuding that caused by modulation of the dichroism, and
posite sign in the other half of the modulator. When thethe phase modulation efficiency is twice that achieved for

phase modulator is constructed using a single-mode fibe§ingle propagation of the radiation in the modulating fiber
waveguide, the mode converter may take the form of suitsection or integrated-optics waveguide.

ably positioned fiber compressors, a double symmetric Figures 1la and 1b show a possible design of reflection
twisted section of fiber of a specific length, a welded orphase modulator with the first type of mode converter using
cemented fiber joint with axes of birefringence turneda Faraday mirror, and methods of incorporating this into a
through 90°, and so forth. However, since it is difficult to cavity fiber-optic gyroscope and an interferometric fiber-

achieve exactly identical phase-modulator halves and ident'bptiC gyroscope, respectively. The reflection phase modula-

cal ambient conditions, this method of compensation fortorsS and3', consisting of modulating sections of fiber or

parasitic polarization modulation is inadequate in manyintegrated-optic waveguideand5', Faraday cell$ and6’
cases. The situation is improved substantially if the phase . o . . ; .

X . - with a 45° rotation angle, and mirrorsand?’, are indicated
modulator is designed such that, after the polarization modes

have been converted, the radiation then propagates in tt@’ the Qashed lines in th_ese figures. The interferometric
forward or return directions along the same path as beforiPer-optic gyroscopésee Fig. 1bnot only incorporates a
the conversion without any time delay. It is obviously tech-fing directional coupled but another directional coupler
nically easier to achieve return propagation. Thus, we shaNvhich is used to connect one or two of the reflection phase
confine our analysis to this possibility and we shall call themodulators to the sensing fiber-optic ri@g When the two
corresponding type of phase modulator a reflection type ophase modulators are used in the interferometric fiber-optic
modulator. gyroscope, the modulation frequencies and the rules of phase
The Jones matrix of a mode converter in a reflectionvariation in the modulators may be the same or different. The
phase modulator may be expressed, to within a multiplicativgyptical path lengths with the pigtails to the modulatBrand
factor, as follows 3’ may be the same or may differ by an amount much greater
0, 1 0, 1 than the coherence length of the radiation source. This offers
. (1)  additional possibilities for processing the signal from the in-
-1, 0 1, 0 e . ) .
terferometric fiber-optic gyroscope and for its design solu-
In the first case, the entire field pattern is rotated through 90tions. Obviously, it is not essential to install two phase
and in the second case, the mode fields rotate in opposit@odulators in the interferometric fiber-optic gyroscope. If
directions. . _ _ only one phase modulator is installed, the free output of the
We assume that we are dealing with the first type ofgirectional couple# may be used for other purposes. Note
mode converter. IN(t) is the Jones matrix of the fiber sec- 159 that in order to eliminate the influence of the reflected
tion (or integrated-optics waveguiglewhere modulation  gjona) the radiation source should be connected to the opti-
takes place, th? Jo_neg matril y(t) of t_h_e entire ph_ase cal channel of the fiber-optic gyroscope via an optical isola-
modulator(the prime indicates a transposition operalionil . )
. i tor (not shown in the figurgs
be written as: . .
When the second type of mode converter is used in the
Mq(t)=N’'(t)-K;N(t)=[deiN(t)]K;. (2 phase modulator, Eq2) will be replaced by:

K1:’ or Kzz‘
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that the elements ofN(t) satisfy the relationngny;
=n4,n,,=0. Then, instead of Eq2), we have

My (t)=[pem(t)]K, 4
where peN(t) =nn,,+ Ny, is the permanent of the ma-
trix N(t).

Thus, if the equality4) is satisfied, parasitic polarization
modulation will be eliminated in a modulator with the sec-
ond type of mode converter.

Let us consider one particular case. We suppose that the
modulating section of fiber or integrated-optics waveguide is
a linear phase plate for which the azimuth of the fast axis is
0°. Thert we find n;,=n,;=0, so that the parasitic polar-
ization modulation will be compensated. One possible vari-
ant of a reflection phase modulator with a second type of
mode converter comprises a series-connected linear phase
plate with a time-varying phase delay and 0° fast-axis azi-
muth, a quarter-wave phase plate with a 45° fast axis azi-
muth, and a mirror. This type of phase modulator can be
incorporated into an interferometric fiber-optic gyroscope as
in the previous case.

FIG. 1. Methods of connecting a reflection phase modulator to a fiber-optic The authors would like to thank V. P. Gubin and N. N.

2 b

gyroscope. Starostin for their continuous interest in this work and for
useful discussions.
This work was supported by the Russian Fund for Fun-
Mo(t)=N"(t)K,N(t) damental Research, Grant 96-02-18434.

2N11N51, N1aN22+ Ni2Nag 3) 1p. Gangding, H. Shangyuan, and L. Zonggi, Electron. L28. 1337

(19886.

2E. Kiesel, Proc. SPIB38, 129 (1987.

Herenj;=n;;(t) (i, j=1,2) are the elements of the matrix °B. Szafraniec and J. Blake, J. Lightwave Techrid, 1679(1994.

N(t) introduced above. EquatiofB) indicates that, unlike 4R. M. Azzam and N. M. BashareEllipsometry a_nd Polarized Light
the previous case, the parasitic polarization modulation is not (Nr-Holland, Amsterdam, 1977Russ. transl., Mir, Moscow, 1970

eliminated for an arbitrary matriX(t). However, we assume Translated by R. M. Durham
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Magnetic-field control of gas flow in a supersonic intake
Yu. P. Golovachev, S. A. IlI'in, and S. Yu. Sushchikh

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 6, 1997
Pis'ma Zh. Tekh. Fiz23, 1-5(August 26, 199¥

A numerical simulation is used to assess the potential for controlling the flow structure in the air
intake of a supersonic aircraft by means of an external magnetic fieldl9%7 American
Institute of Physicg.S1063-785(017)01808-9

1. A pressing problem in the aerodynamics of supersonic  The external magnetic field influences the flow of an
aircraft is to ensure that the air intakes operate in the ratedlectrically conducting gas via the ponderomotive force
mode as the flight conditions change. Here we assess the=jxB and the Joule energy relea®e=j - E, wherej is the
possibility of solving this problem by means of an externaldensity of the electrical conduction current éads the elec-
magnetic field. tric field strength. For a given magnetic inducti@n these

An analysis is made of two-dimensional steady-statequantities are determined by the general form of Ohm’s law
flow of a preionized gas in an air intake shown in Fig. 1. The | .
external magnetic field is directed perpendicular to the J+ pe(jXB)=0(E+VXB), @)
plane (X,Y). The flow is described by a system of magneto-
gasdynamic equatiohsunder the following assumptions:

Re>1, Rg;<1, anda<1, where Re is the Reynolds num- gactric field vector lies in theX,Y) plane. The calculations

ber, Re, is the magnetic Reynolds number, andis the 4y take into account thg component of this vector, which
degree of ionization. These assumptions allow us to use thg,responds to flow in a two-dimensional MHD channel with

model of an inviscid gas, to assume that the magnetic inducsg|iq electrodes. This component of the electric field strength
tion is constant, and to neglect the influence of ionization ong <giculated using the load factlras given by

the thermodynamic propertiés the calculations, we set the
ratio of the specific heats of the gasye-1.4). E,=—k(VXB),. 2

whereu, is the electron mobilityg is the electrical conduc-
tivity, and V is the gas velocity. Under these conditions, the

FIG. 1. Density contoursM=6, B=0 (a), M=8, B=0 (b),
andM=8,B # 0 (c).
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B=ueB and by the Stewart numb&= oB2L/pyV,, where
L is the characteristic linear flow scale, apgl V, are the
\ scaling values of the density and gas velocity.

It is assumed that the projection of the gas velocity on
the x axis exceeds the velocity of sound over the entire cal-
culation range, so that the systei®)—(6) is x-hyperbolic.
The parameters of the incoming flux, which is assumed to be
parallel to thex axis, are defined as the initial conditions for
x=0. The condition of vacuum tightness is used at the walls
of the channel. The problem is solved numerically using an
Fm explicit sustaining shock-capturing schefne.

2. Figure 1 shows contours of the density field demon-
strating the structure of the gasdynamic field of this flow,
which contains density discontinuities and rarefaction waves,
formed at kinks on the air intake profile and interacting with
k J the channel walls and with one another. Figures 1a and 1b
o0 N vt sstiastsss show results for flows without a magnetic field. Figure la
""0.020 £0.00 100.00 169.200 200.028 252.00 corresponds to the rated operating mode of the air intake

X where the incoming flux has the Mach numb&r6. In this
case, the density discontinuities formed at the kinks on the
FIG. 2. Pressure distribution over lower wall of chanridl=6, B=0 (1), profile of the lower wall converge at the front edge of the
M=8,B=0 (2), andM=8,B # 0 (3). : : : ;
rim. Figure 1b gives results for flow with the nonrated Mach
number M =8. Figure 1c shows flow with Mach number
M =8 in the presence of an external magnetic field. In this
Under these assumptions, the mass, momentum, and egase, the Stewart number was assumed to be constant,
ergy balance equations in terms of dimensionless variables=0.005 for 0<x<12, decaying linearly to zero for
have the form 12<x<22 and equal to zero for=22. The Hall parameter
a(pu)  d(pv) wasB=0.1 and the load factor was=0.5. The results dem-
=0, (3  onstrate that a shock wave structure consistent with the rated

2.25

0.20

9.156

NW —

RN ERENSNEFENNENERRESENENECUR IR RNV SN FURNNENEET )

2.95

Q

a 17 . . -
X y operating mode of the air intake can be reconstructed with
I(pu+p)  d(puv) 1 the aid of.an' ex’FernaI magnetic field. Figure 2 ;hows the
x T Tay T Sl+ > (1-kju=0, (4)  pressure distributions over the lower wall of the air intake for
B the conditions corresponding to Figs.1la—1c. The pressure is
Jou I pv2+ given relative to the total pressure in the incoming flux.
(puv) + (pv™+p) +S A 5(1=kju=0, (5) The authors would like to thank N. I. Akatnov for useful
X % 1+ discussions of this work.

This work was supported by the Russian Fund for Fun-
dl(petpu] dpetpjo] kA=K , 6) damental ReseardiGrant No. 99-01-00596
X ay 1+ pB?

Here,p, p, ande are the density, pressure, and total specific *M. Mitchner and C. H. Kruger, JrRartially lonized Gase¢Wiley, New
energy of the gas, and andv are the velocity components ,York, 1973 [Russ. transl., Mir, Moscow, 1976

along thex andy axes. The interaction between the flux and V- Redionov, Zh. Vychisl. Mat. Mat. Fiz27, 1853(1989.

the magnetic field is characterized by the Hall parametersranslated by R. M. Durham
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High-temperature high-dose implantation of N * and Al * ions in 6H-SIiC

R. A. Yankov, M. Voelskow, W. Kreissig, D. V. Kulikov, J. Pezoldt, W. Skorupa,
Yu. V. Trushin, V. S. Kharlamov, and D. N. Tsigankov

Rossendorf Research Center, Dresden, Germany;

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
llimenau Technical University, llmenau, Germany

(Submitted April 5, 199y

Pis'ma Zh. Tekh. Fiz23, 6—14(August 26, 199Y

A series of experimental and theoretical investigations has been initiated for 6H—SiC samples
sequentially implanted with high doses of 65 keV) + N* (120 keV) + Al*(100

keV) + Al*(160 keV) ions at temperatures between 200 and 800 °C. Nitrogen and carbon
distribution profiles are measured by ERD and structural defect distributions are measured by
Rutherford backscattering with channeling. A comparison between the experimental data

and the results of computer simulation yields a physical model to describe the relaxation processes
of the implanted SiC structure, where the entire implanted volume is divided into regions of
different depth, having different guiding kinetics mechanisms. 1897 American Institute of
Physics[S1063-785(17)01908-3

INTRODUCTION The TRIRSs andDYTRIRS computer codés® were used to
Wid icond based sic solid soluti calculate the ballistic distributions of the implanted ions and
Id€-gap semicon ”Ctofs ased on sIt sold so ut'on%lefects, and also to calculate the changes in the density of the
have recently attracted considerable interest for the develo%iC components for high-temperature implantation at the
ment of new optoelectronic and high-temperature devices, . L N
o . . corresponding doses. Ballistic distributions of Nnd Al
The quasibinary systen(SiC);_, (AIN), is probably the P N

. X . jons (DETRIRY (Fig. 1a, curvel) and total defect distribu-
most promising for these applications at the present time. . . T

: . tions (Fig. 1a, curve2) were obtained. Ballistic distributions
However, the published data apply mostly to polycrystalline

ceramics fabricated by sinterihand to eitaxial laverd of implanted nitrogerfas a result of all four successive bom-
y 9 P yers. bardments at the doses used experimentalhg plotted in

Fig. 1b (DYTRIRS).
A comparison between the ballistic datee curve? in
EXPERIMENTAL AND CALCULATED DATA Fig. 13 and the RBS results for irradiation at 200 °C shows
that this at this temperature the modifi€tamorphous”)

Experimental investigations were made iC);_ . . .
P g BIO), aterial does not anneal at the deposition depth of the im-

(AIN), samples fabricated by ion beam synthesis. Wafers o . , ,
(000-oriented n-type 6H—SiC were bombarded with*N ~ Planted nitrogen and aluminum iotsurve 1). _

and A" ions at elevated substrate temperatures using the #SSuming, for a rough estimate, that all vacancies and
Danphysik accelerator at the Rossendorf Research Centép_,terstltlal atoms separated by spontaneous r-ecomblnatlon
Germany. The implantation parameters were selected to offiStancessee, for example, Refs. 7 angl @combine ather--
tain buried layers of(SiC);_,(AIN), with x=0.2. Each mally, the residual intrinsic defects and implanted ions will

sample was bombarded in the following order: first with 6591ve an overall profile lying below the RBS experimental
keV nitrogen ions at a dose ob&EL0' cm2, then with 120 data(curve 3). The two limiting casegonly ballistic distri-
keV nitrogen ions at a dose of 2307 cm 2, followed by ~ Putions — curve2 and allowance for total recombination —

100 keV aluminum ions at a dose of&.0 cm~2 and then  curve 3) show substantial differences, and a comparison be-
160 keV aluminum ions at a dose of X320 cm~2. The tween these and the experimental deRBS)® reveals the
ion energies were selected so that the distribution profiles dfole of diffusion processes in high-temperature implantation
the N* and Al* ions overlapped under the overall bombard-in regions of the irradiated SiC of different depth.

ment. During implantation the ion current density was main- At higher irradiation temperatures however, the distribu-
tained between 0.6 and AA/cm? at substrate temperatures tion profiles of the scattering centers change with depth.
of 200, 400, 600, and 800 °C, for which we used an Ohmi-Since RBS is sensitive to any scattering centers for ,He
cally heated, temperature-calibrated substrate holder. Aftdncluding implanted ions, single intrinsic defectsacancies
implantation, the samples were investigated by Rutherford@nd interstitial atoms in Si and C sublattiteand clusters
backscattering in conjunction with channelingkBS/Q  (both intrinsic and impurity defecks the experimentally
method using a 1.4 MeV Hé ion beam, and also by the determined different behavior of the scattering center pro-
ERD method, to determine the depth distribution of nitrogerfiles over depth indicates that different annealing mecha-
and carbon. The RBS spectra were processed using a comisms operate at different depths in the implanted material.
puter program developed at the Rossendorf Research Center, The distribution profiles of N ions (Fig. 1b, ERD were
which vyielded depth distributions of structural defectsdetermined experimentalERD) for SiC samples irradiated
(Fig. 13. at different temperatures. A comparison between these pro-
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which, reflects the slight change in the overall distribution
profiles of the scattering centers for the central regions of the
implanted SiC obtained by RBS.

The influence of N and Al* irradiation can also be seen
in a change in the concentration of SiC components. A very
common consequence of implantation is the formation of
carbon nonuniformity. A comparison between the change in
the carbon concentration produced only by the ballistic ac-
tion of the implanted iongFig. 2, DYTRIRS) and the experi-
mentally determinedERD) depth dependences of the carbon
concentrations at various irradiation temperatufesy. 2
suggests that an increase in implantation temperature leads to
diffusion-induced changes in the structure of the material.
However, like the RBS data, these experiments indicate that
the structure of the material during high-temperature implan-
tation evolves differently in regions of different depth.

The entire irradiated material may thus be divided into
five regions according to depthegionsA, B, C, D, andE in
Fig. D in which different diffusion reactions may play a
dominant role in the kinetics.

% damage

DYTRIRS

<

% damage
3

PHYSICAL MODEL

By comparing the experimental RBS and ERD data with
the ballistic calculations, we will now give a qualitative de-
scription of the main physical reactions determining the ki-
Depth, Angstroms netics of the radiation defects in SiC in regions of different
depth in order to put forward a physical model to describe

FIG. 1. Comparison between experimental and calculated ballistic chara . . . . .
teristics of implanted silicon carbidea — RBS experimental profiles of the annealing processes in high-temperature implantation.

defect distribution at various substrate temperatutes: calculated profile We shall begin with the most defect-saturated redion
of implanted nitrogen and aluminum ior®,— calculated total defect profile  (Fig. 1).

allowing only for ballistic(cascadeprocesses3 — calculated ballistic de-

fect profile allowing for total athermal recombinatidn— ERD profiles of

nitrogen distribution at various substrate temperatupesrirRs — calcu- REGION D (BETWEEN 1500 AND 3000 A)

lated ballistic profile of nitrogen distribution taking into account all succes- . . . . .
sive irradiation processes. This region has the highest concentration of scattering

centers(up to 80%. At high irradiation temperatures, be-

tween 400 and 800 °C, the structure of the region changes
files and the calculated ballistic nitrogen profile for the entirerelatively little. It receives the highest concentration of im-
bombardment sequence at the corresponding experimentalanted N and Al" ions (Fig. 1, curvel) and electron mi-
doses(Fig. 1b, DYTRIRS) shows that at all the temperatures croscopy reveals fairly good long-range order. Since tem-
used, the implanted nitrogen undergoes very little diffusionperatures up to 800 °C have little influence on the number of
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scattering centers in this regidrig. 1, RBS and the quan- It may also be postulated that vacancy clusters are
tity of carbon increases with increasing irradiation temperaformed in this region since the distributions of scattering
ture (Fig. 2, ERD, we may postulate that the implanted N centers(Fig. 1, RBS and the carbon distribution&ig. 2,
and Al* ions are distributed in Si and C vacancies as a resulERD) suggest monotonic changes in concentration which
of spontaneous recombination of interstitial ions with exist-may be attributed to the mobility of vacancies.

ing radiation-induced vacancies. Mobile defects may accu-

mulate around these vacancies as a result of local distortions

(replacement of Si and C ions by N and Al ign§hese REGION C (DEPTHS BETWEEN 750 AND 1500 A)

structures clearly do not dissociate at the temperatures used
and make a major contribution to the Heacattering. Some
decrease in the defect concentration in this rediop to
20%) is caused by defects mobile by diffusion, such as car

In this region, predominantly interstitial carbon atoms
may be considered to be mobile. Electron microscopy indi-
cates that at 800 °C this region contains large stacking faults
/ o . ) ) S of the type interstitial dislocation loops having dimensions
bon interstitial atomgfor which the migration activation en- up to hundreds of angstroms in diameter. These loops may
ergy issic=1.47 eV(Ref. 9). However, it also follows from o t5rmed from mobile interstitial carbon atoms during high-
Rfef. 9 that the energy of formation of a carbon vacancy igemperature irradiation. The changes in the RBS spectra in
&,c=2.63 eV. Thus some radiation-induced mobility of car-ynjs region? and therefore in the distribution profiles of the
bon vacancies may oceur at these |rrad!at|on temperatmes-i[:attering centersee Fig. 1, can thus be ascribed to drift of
can be seen from Fig. 2 that a change in the carbon concefsgpile defects with the formation of additional dislocation

tration is observed in this region and may be attributed to th‘?oops. This is accompanied by an increase in the carbon con-
formation of clusters of interstitial carbon atoms with in- tent (see Fig. 2

creasing irradiation temperature.

Assuming that the mobile defectas can be seen from
Figs. 1 and 2 are intrinsic carbon defects — interstitial at- regioN B (DEPTHS BETWEEN 200 AND 750 A)
oms and vacancies — we can describe the kinetics of the ) . ) . )
increase in the carbon concentration in regibms resulting In this region, as in the deeper regions of the SiC
from the formation of carbon atom clusters and from ex-S&mples, defects in the carbon subsystem are mobile by way
change reactions between sites of matrix and impurity atom@f diffusion. However, as can be seen from the sharp drop in
in overstressed local zones of enhanced implanted ion cori’® defect concentration given by the RBS ddaf. 3 and
centrations. Since we have postulated that the nitrogen arid9: 2 @nd the recovery of the carbon concentration in the
aluminum ions can occupy Si and C vacancies, the carboRRD €xperiments(Fig. 2), the largest contribution to the
clusters may also be fairly regularly distributed in the latticech@nges in the concentrations of scattering centeesn-

and may grow as a result of the attachment of mobile defect@ared with all the other thermally activated reactjoiis
made by a sink for mobile defects at the surface of the

sample. As a result, the ordered crystal structure of the ma-
terial is partially restored, even at 400 °C. The electron mi-
REGION E (DEPTHS GREATER THAN 3000 A) croscopy data indicate that the crystal structure is almost
_ o _ restored in this regioffat 800 °Q. It may be supposed that,
The behavior of the RBS spectra in implanted SiC andyg 3 sink, the surface predominantly influences the mobile
the calculated concentrations of centers which contribute tQefects in the form of interstitial carbon atorf® even va-
the scattering of He ions (Fig. 1), shows that in this region  cancies at higher temperatuyeghus, the drift to the surface

the distribution profiles of the scattering centers are not veryg stronger than the other defect reactions, leading to rapid
sensitive to changes in the irradiation temperature betwee,réco\,(_lry of the structure.

400 and 800 °C. This behavior may be attributed to stopping

of mobile defectqof the carbon subsystentaused by the

formation of clusters of intrinsic defects. It should also beREGION A (DEPTHS UP TO 200 A)
borne in mind that this region contains almost no implanted

ions (Fig. 1, curvel). The clusters of intrinsic defects ap-

pearing in this region should therefore be formed homoge=" © > X
neously(unlike those in regiorD). The irradiation param- an increased concentration of scattering centers as a result of

eters of the samples at different temperatures were the sanfifusion, as is shown fairly clearly by the RBS dafaig.

and thus the diffusion fluxes of irradiation-generated mobilet®- The dominant mobile defects are interstitial carbon at-
defects are also the same, differing only in terms of thei®M$: and their number should increase near the surface sink.
diffusion rates. The defect ranges according to the RBS datal '€ "esults of ERD experiment§ig. 2) support this inter-
(Fig. 1) are almost independent of the irradiation temperaPretation.

ture. The same tendency can be identified from the experi-

mental results plotted in Fig. 2. This should imply that the
point-defect trapping parameter for cluster formatighe

The surface region of the irradiated sampl&s depths
of approximately 200 Ais in fact a defect sink. This leads to

CONCLUSIONS

cluster formation parametedepends only weakly on the ir- These experimental results of RBS measurements of the
radiation temperature, since the cluster formation process idefect distribution profile and ERD measurements of the car-
proportional to the concentration of mobile defects. bon and implanted nitrogen distributions, together with the
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Determination of the time-dependent plastic properties of solids by dynamic
nanoindentation

Yu. I. Golovin, V. I. Ivolgin, V. V. Korenkov, and A. I. Tyurin

G. R. Derzhavin State University, Tambov
(Submitted March 13, 1997
Pis’'ma Zh. Tekh. Fiz23, 15-19(August 26, 199Y

A new method is described to determine the time-dependent elastoplastic and dissipative
properties of solids in nhanovolumes by recording the instantaneous values of the stress and depth
of penetration of a rigid indenter. Measurements are also made of the engrgypplied

to the indenter, the enerdy dissipated in the insertion process, and the eng&Ygyeturned to

the indenter on unloading. Results of measurements of the dynamic microhardness and

also of the energieg/, andU for NaCl crystals are presented as functions of the duration of
contact between the indenter and the surface for times between 1 ms and 10.897©

American Institute of Physic§S1063-785(M17)02008-9

One of the simplest and most widely used methods osumspost factunthe results of all events which have taken
determining the mechanical properties of solids in microvol-place at different stages of formation of the indentation. Con-
umes and nanovolumes involves indentation with a rigid insequently,H does not have a clear physical meaning and
denter, followed by calculation of the hardné$ss the ratio  cannot be correlated with known fundamental characteristics
of the indentation force to the areaA of the resulting 4 the material. In many cases, the potential usefulness, be-

indentation (Refs‘,‘. 1-3. In fact, ,,bOth the _conventional havior, and nature of the various secondary processes accom-
method and the “nanoindentation” technique, which has re- . . ) .
cently enjoyed great popularify® estimate the quasistatic panylng short-term contact interaction are dett'ermlned.by the
elasticoplastic properties of the material in thin surface |ay_dynam|cs of the structural defects and plastic flow in the

ers. The hardneds determined in this way cannot reflect the CONtact zone and also by the absorbed energy. Such situa-
dynamic properties of the material or the kinetic CharacterisI'Pns are frequently .encourlltered, for example, in dr.y abra-

tics of any specific physical processes in this material since i8ive wear of contacting solids, surface damage by fine rap-

~¥

By
bt 3

FIG. 1. Diagram of apparatud — piezoelectric transducer,
-5 5- 2 — sample,3 — indenter,4 — rod, 5 — rod suspension
elementsp — capacitative displacement metér— fixed coil,

8 — moving coil, 9 — unit for processing signal from capaci-
tative detectorl0 — current pulse generatotl — analog-to-
digital converter with signal switcH,2 — computer, and.3—
printer.

11—.[12—~Il3

—
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idly impinging particles, crushing and fine grinding, using nominally pure NaCl crystals, usually used to calibrate
mechanical alloying, at the tip of a rapidly growing crack in indentometers. The indenter was set in motion by a rectan-
guasibrittle fracture, and so on. gular impulse==0.2 N of durationr between 1 ms and 10 s.

In this article we describe a method of determining theFigure 2 shows that the dynamic hardnékshas the usual
dynamic values of the hardnebk; and the time-dependent value of 200 N/mrf for NaCl for 7=1 s and then increases
component of the energy absorbed during indentation, anchpidly with decreasingr, reaching~650 N/mnf at 7
we present the first results. The meth@eg. 1) involves =4 ms. Similar behavior oHy(t) was observed in Refs. 7
indenting the surface with a rigid indenter attached to the endnd 8, when a long-term constant force was abruptly applied
of a horizontally suspended rod to which an electrodynami¢o the indenter. By terminating the loading in the early
drive mechanism applies an impul$gt) whose profile stages, it is possible to investigate the behavioWgfas a
(rectangular, trapezoidal, triangularamplitude (between function of the loading time. This dependence proved to be
0.1 mN and 1 N, rise times, and duratiotbetween 50us  even stronger thak 4(7) (Fig. 2). For 7=4 ms,W, was 45
and 10 $ can be regulated. A capacitive displacement metenJ whereas for=10? ms, it was close to the amplitude of
records the instantaneous depth of penetrati¢t) of the  the mechanical fluctuations of the rod with the indenterl(
indenter with a resolution of 10 nm, and a piezoelectricnd. The time-dependent component of the reduced absorbed
transducer measures the penetration resistance force. ThaergyU, also varied by several factors of tenamcreased
meters measuring the displacement, the forces, and the ifrom a few milliseconds to tens of millisecon@sig. 2). It is
stantaneous value of the current in the drive mechanism ameduced from these results thdf, W,, andU, are inde-
fed to a computer via an analog-to-digital converter. Thependent characteristics of the material, describing its time-
program used to process the recorded information yields independent elastoplastic and dissipative properties in a con-
stantaneous values bf Hy, the indenter recoil energy,,  tact zone of~1 um? volume. The characteristic times of
the energyU absorbed during indentation, and the reducedvariation ofHy, W,, andU, are clearly determined by the
absorbed energy 4. The energyJ was determined from the dynamics of the plastic flow in the contact zone under the
difference between the wor®/; done by the drive mecha- action of a short-term constant applied force. At the same
nism (or the kinetic energy of the rod before contact betweertime, they contain information on the dynamics of the nucle-
the indenter and the surface of the sampled the kinetic ation and displacement of structural defects, which are el-
recoil energyW, of the rod, andU,; was determined by ementary carriers of this information under conditions of
normalizingU to the volume of the indentation. high local stresses and relative deformation rates. In fact, the

The experiments were carried out at room temperatur@average contact stresses-Hy for =4 ms are almost 1000
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times the yield stress for quasistatic uniaxial compression!v. K. Grigorovich, Hardness and Microhardness of Metdla Russian,

Despite the low absolute rate of displacement of the indenter, Nauka, Moscow1976.

- . . . E. V. Ryzhkov, Yu. V. Kolesnikov, and A. G. SusloGontact Between
h<1 mm/s at the maximum, the rate of relative displace- sgjids Under Static and Dynamic Loafis Russiai} (Naukova Dumka,

ment e~h/h reaches values of-10° s for h<1um, Kiev, 1982.

. . . s . 3A. A. Gudkov, and Yu. I. Slavskj Methods of Measuring the Hardness of
whl!gh are typical of the high-velocity impact of macroscopic Metals and Alloyq in Russia (Metallurgiya, Moscow, 1982
solids.

4M. F. Doerner, D. S. Gardner, and W. D. Nix, J. Mater. Res845
To sum up, we have devised a method of studying the5(1986. _
behavior of a material exposed to high-amplitude short-term_W- C- Oliver and G. M. Phar, J. Mater. R&5.1564(1992.
lied hich si | he si . f | Y. Mutakami, K. Tanaka, M. Itokazu, and A. Shimamoto, Philos. Mag. A
applie strgsses, which simu ate t §5|tuat|ons requenty. €N-g, 1131(1994.
countered in the contact interaction between two solids.”yu. I. Golovin and A. I. Tyurin, JETP Leti60, 742 (1994.
These results indicate that the rate of energy dissipation in_SYu. I. Golovin anq A. I. Tyurin, Fiz. Tverd TeléSt. Petersbung38, 1812
creases substantially with decreasing contact time 20 (1996 [Phys. Solid Staté8, 1000(1996]

ms) and with increasing dynamic microhardness f6t1 s.  Translated by R. M. Durham
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Investigation of the photoluminescence and modification of InGaP/GaAs/InGaAs
heterostructures by near-field scanning microscopy

S. V. Gaponov, V. F. Dryakhlushin, V. L. Mironov, and D. G. Revin

Institute of Physics of Microstructures, Russian Academy of Sciences, iNildvgorod
(Submitted March 14, 1997
Pis’'ma Zh. Tekh. Fiz23, 20—25(August 26, 199Y

This study deals with the local spectroscopy and modification of semiconducting InGaP/GaAs/
InGaAs quantum-well heterostructures by near-field scanning optical microscopy. The

spatial distribution of the photoluminescence intensity in these structures is investigated and
spatial nonuniformity of the photoluminescence is observed as a result of the nonuniform
properties of the InGaP layers. It is shown for the first time that local quenching of the
photoluminescence may be achieved by optically induced impurity diffusion near the quantum
well, and this may be utilized to develop low-dimension semiconducting deviced9%

American Institute of Physic§S1063-785(17)02108-3

One application of near-field scanning optical micro-as a filter for the laser radiation and was transparent to the
scopes is the spectroscopy of semiconducting structures. Faadiation from the quantum well.
instance, the photoluminescence of quantum wells and wires We studied two structures: an InGaP/GaAs/InGaAs/
in GaAs/AlGaAs structures was studied in Ref. 1. The diffu-GaAs/InGaP laser heterostructure and a GaAs/InGaAs/GaAs
sion length of the photoexcited carriers was determined fronieterostructure, whose active regions wer&é0 nm wide
the change in the profile of the photoluminescence intensityn, ;Ga, §As and~8 nm wide Iy ,/Ga, 76AS quantum wells,
from the quantum well at the boundary with a quantum wire respectively. Both structures were grown(@01) GaAs sub-
The authors of Ref. 2 studied the spatial distribution of thestrates by organometallic vapor-phase epitaxy, but differed
photoluminescence intensity near the etching boundary ah that one of the structures had InGaP confining layers.
guantum-well GaAs/AlGaAs structures. The size of the tran-These structures are of interest becaug&#én ,P (x~0.5)
sition region of reduced photoluminescence intensity wass being increasingly widely used in heterolagérand pos-
~2.5 um, which, in the opinion of the authors, could be sesses unusual properties associated with the ordering of the
attributed to diffusion of nonequilibrium carriers toward the Ga and In_atoms, which are not distributed statistically but in
etching boundary, followed by nonradiative recombination.alternate (111) or (111) planes’ The photoluminescence
The photoluminescence of partially ordered GalnP structurespectra of the two heterostructures in the transparency region
was investigated in Ref. 3. It was shown that the degree obf GaAs exhibited intense peaks at980 nm, which corre-
order of these structures may be assessed from the positi@pond to the emission from the InGaAs quantum wells. Here
and width of the spectral peaks. Another important trend isve only studied this part of the photoluminescence spectra of
the use of near-field scanning optical gyroscopes to modifghe heterostructures. The photoluminescence signal was reli-
the properties of surfaces, including the development of nevably recorded at room temperature.
methods of nanolithograpfyand improving the information Figure 1 shows the pattern of the integrated photolumi-
recording density. nescence intensity of the InGaP sample, obtained with a

In the investigation reported here, near-field microscopynear-field scanning optical microscope. The field of view
and spectroscopy are used to study the local photoluminesvas 50< 50 um. Regions of different photoluminescence in-
cence of GaAs/InGaAs structures and also to assess the pdensity, elongated in one direction, are clearly visible. The
sibility of local suppression of the photoluminescence intransverse dimension of these regions was aroungrh5
these structures. The photoluminescence spectra obtained at different points

The experiments were carried out using a near-field opin these regions had the same profile but differed in intensity.
tical microscope, developed at the Institute of Physics ofThey were similar to the photoluminescence spectrum mea-
Microstructures of the Russian Academy of Sciences, comsured by the usual technique when the diameter of the laser
bined with a scanning tunneling microscdpehe probe was beam focused on the sample is 50— }108@. Investigations of
an adiabatic, tapered, single-mode fiber coated with a layahe structure without InGaP revealed that its luminescence
of metal by an angular deposition method. The aperture ofvas highly uniform over the area. The nonuniformity of the
the probes used to obtain images of test objects wa60 Iuminescence from the InGaP structure can probably be as-
nm. Probes with a~1 um aperture have been used in the cribed to the presence of alternating ordered and disordered
experiments to study photoluminescence. The probe radiaegions, or defects in the InGaP layer.
tion source was a cw argon lasex=£0.514 um). For the In addition to studying the photoluminescence proper-
spectroscopic investigations, the photoluminescence radidies, we also investigated the possibility of local quenching
tion transmitted by the sample was passed through a bundief the photoluminescence in InGaP structures as a result of
of multimode fibers to an MDR-23 monochromator and re-stimulated diffusion of impurities from the surface of the
corded with a photomultiplier. The sample itself functionedsample toward the luminescent layer. For this purpose we
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FIG. 1. Pattern of integrated photoluminescence intensity of InGaP/GaAsFIG. 2. Pattern of integrated photoluminescence intensity of InGaP/GaAs/
InGaAs/GaAs/InGaP heterostructures at 300 K. The frame size idnGaAs/GaAs/InGaP heterostructures at 300 K after part of the surface has
50X 50 um. The maximum intensity corresponds to white light. been modified. The probe aperturel um and the frame size is 3515um.

The white color corresponds to the maximum photoluminescence intensity.

deposited a thin~20 nm layer containing a mixture of Cr

and C atoms on the surface of the sample. This layer is a The authors would like to thank B. N. Zvonkov and O. I.
good conductor and transparent to the incident radiationKhrykin for supplying the samples.

These impurities were chosen because Cr forms nonradiative This work was supported financially by the Russian
recombination centers in GaAs. The experiments demonFund for Fundamental Resear@rant No. 96—-02-16990a
strated that the incident radiation has a power density threstand by the “Fundamental Metrology” State Progra@rant
old above which the photoluminescence is quenched. AcNo. 2.73.

cording to our estimates, this threshold 4s10° W/cn?.

Figure 2 shows the distribution of the photoluminescencer. p. Grober, T. D. Harris, J. K. Trautmeet al, Appl. Phys. Lett.64,
intensity from the modified part of the surface. The size of 1421(1994.

the transition region of reduced photoluminescence mtensﬂy(D g\éeKazamse" N. A. Gippius, Zh. Oshinot al, JETP Lett.63 550

is ~2 um, which is comparable with the value obtained in s\ ; Gregor, P. G. Blome, R. G. Ulbriet al, Appl. Phys. Lett67, 3572
Ref. 2 for the etching boundary of a similar structure. (1995.

To conclude, we have obtained the pattern of mtegrated‘1I I. Smolyaninov, D. L. Mazzoni, and C. C. Davis, Appl. Phys. Léf,
photoluminescence for InGaP/GaAs/InGaAs/GaAs/InGaP5 5896(;?;% K. Trautman, R. Wolfet al, Appl. Phys. Lett.61, 142
semiconducting laser heterostructures. Spatial nonun|form|ty (1992.
of the photoluminescence intensity was observed in®D. G. Volgunov, S. V. Gaponov, V. F. Dryakhlushét al, Prib. Tekh.
~50x 50 um sections, probably caused by nonuniformity of Eksp. (in press.
the InGaP layer. This method may be used to diagnose theD1 338‘“" T- L. Paoli, R. L. Thomtost al, Appl. Phys. Lett62, 3458
quality of luminescent heterostructures. It has been showry ya. Aleshkin, S. A. Akhlestina, B. N. Zvonkovat al, Fiz. Tekh.
that the photoluminescence may be quenched by Cr diffusion Poluprovodn29, 590 (1995 [Semiconductor29, 307 (1995].
stimulated by near-field laser radiation and this effect may be’A- Gomio, K. Kobayashi, S. Kawatat al, J. Cryst. Growth77, 367
utilized to develop low-dimension objects with different op- (1989

tical properties. Translated by R. M. Durham
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Instability of a charged free surface of solutions of inactive substances
A. I. Grigor'ev, D. F. Belonozhko, and S. O. Shiryaeva

Yaroslavl' State University
(Submitted February 19, 1997
Pis’'ma Zh. Tekh. Fiz23, 26—31(August 26, 199¥

It is shown that the simultaneous buildup of instability of the free surface of a solution of an
inactive substance in relation to its concentration and the Tonks—Frenkel instability,

causes the branches of the dispersion equation describing each of these instabilities separately to
close onto one another and form two new composite branches of unstable liquid motion.

One of these branches has growth rates exceeding those made up of the initial instabilities
separately. ©1997 American Institute of Physid$S1063-785(17)02208-§

Inactive substances, which increase the surface tensiadispersion equation for the capillary motion of the liquid in
of the liquid in which they are dissolved, may induce capil-our particular system ¢
lary wave instability at the surface of the solution. The inter-

action between this instability and the instability of the liquid ~ —s*(s+2vk?)?{s+ D, k*+LD(s+Dk?)}
surface in relation to its own charge or an induced charge

(the Tonks—Frenkel instabilityis of interest for numerous +w§{X0kzs(k— JKZ+ s/v)—s?
applications in technical physics, geophysics, and technol-

085_ Py geopny X (s+D,k*+LD(s+Dk?))}

We shall calculate the spectrum of capillary motion in a
viscous incompressible ideally conducting liquid of infinite +4v%k%s*{s+ D, k?+LD(s+Dk?")}
depth, situated in a gravitational fiefland in an electro-
static fieldE normal to the free surface. Let us assume that X VK*+3/v—s%xok?*Jk?+s/v=0; ey
the liquid has the density and kinematic viscosity, and
that some surfactant with concentrati@nis dissolved in it.
The surfactant will emerge onto the surface and be distrib-
uted in the unperturbed state with the surface concentration
I'o. Let us assume that is the surface tension of the liquid pen| [ I sE3
surface in the presence of the surfactant, ancand ., are - ( ﬂro>/((9_co)? W= a7 Eo=V/b,
the chemical potentials of the bulk and surface phases of the
surfactant. We assume that the time taken for relaxation ofvhereD, is the surface diffusion coefficient of the surfac-
the surfactant between the surface and the region of the buliant andw characterizes the pressure of the electric field on
solution adjacent to the surface is shorter than the periothe charged liquid surface, or equivalently, the surface
27w, of the perturbation induced by a wave at the fre-charge density. The quantif has the meaning of an elastic
guencywg. This implies that the surface and bulk phases ofconstant, and varies betweerll and+ 1. The rangey,<0
the solution are in a state of equilibrium. The electric field corresponds to the usual surfactants, which reduce the sur-
at the surface is determined by the potential difference beface tensionr of the free liquid surface, whilgy>0 corre-
tween the surface of the liquid maintained at the potentiakponds to inactive surfactants which increaseL has the
®,=0 (z— —=) and a counterelectrode, parallel to the lig- meaning of the characteristic reciprocal linear length of

Jo
wi=k3+k—WIKcoth kb); Xo=7rTo;

uid surface arz="h, having the potentiad,=V. variation of the volume concentration of surfactant near the
A Cartesian coordinate system is positioned such that theurface:L ~ (aD?/ pg®) ~ V4.
z axis is directed vertically upward||—g (n, is the unit It was shown in Ref. 2 that in a linear approximation in

vector of the Cartesian coordinat® and thex axis lies in  the small parameteld and¢, the surface of the solution of
the direction of motion of a plane capillary wave an inactive substandée. xo>0) is unstable and the ampli-
~exp@t+ikx). It is assumed that the=0 plane coincides tudes of the thermal capillary waves increase exponentially
with the free unperturbed surface of the liquali¢ the com-  with time, with a growth rate which increases witly. The
plex frequencyk is the wave numbet, is the time, and is  essence of the effect is that a reduction in the concentration
the imaginary unijt The functioné(x,t) = £yexpt+ilx) de-  of inactive substance lowers the surface tension, and the
scribes a small perturbation of an equilibrium flat liquid sur-lower surface tension gives a larger free surface area of the
face, induced by thermal capillary wave motion of extremelysolution. As the systems strives to attain a state with a lower
small amplitude &,~ (kT/y)*2, wherek is the Boltzmann surface energy, it increases its area, which causes a drop in
constant,T is the temperature, and(r,t) is the velocity the surface concentration of the inactive substance, i.e., the
field of the liquid motion, induced by the perturbatiéfx,t),  instability shows up as an increase in the surface area accom-
having the same order of smallness. panied by a decrease in the surface concentration, and also in
In dimensionless variables in whiah=p=0=1, the the parameteg,. Since the liquid is incompressible, the area
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FIG. 1. Dependences of the real and imaginary parts of the dimensionless

frequency on the dimensionless paraméfér characterizing the electric

field pressure, Re= Res(W) and Ins=Ims(W), respectively, calculated for

k=1, »=0.1,L=500,D=3x10"5, D, =3x 1075, y,=0.5, andb=10.

The dashed curves give the unobservable branches lying on the lower she€G. 2. Curves of Re=Res(x,) and Ims=Ims(x,) as functions of the

of the Riemann surface on which Ed) was determined. dimensionless parameteg, calculated for k=1, »=0.01, L=500,
D=10%d,=10"° W=2, andb=10.

is increased by changing the relief of the free surface. This

process will continue until the negative feedback betweemary parts of the frequency on the dimensionless parameter

the surface and bulk phases of the inactive substance caus@fcharacterizing the surface charge density sReRe s(W)

by diffusional exchange is unable to compensate for thend Ims=Im s(W), respectively. Figure 2 gives the depen-

changes in the surface concentration of the imputinese  dences Rs=Res(yg) and Ims=Im s(x,) on the dimen-

are caused by the deformation of the free surfacea time  sionless parameteq, calculated numerically using E€L). It

shorter than the characteristic time of the perturbation. Iris obvious that both dependences look qualitatively the same,

terms of linear theory in the small parameters, it is impos-although they have different arguments. Regardless of

sible to predict the amplitudes of the steady-state perturbavhether the initial instability is associated with the presence

tions of the free surface associated with this effect, but sincef an inactive substance in the solutiogy0) or with a

the variations in the coefficient of surface tension caused bhigh surface charge density\>>2), the increased influence

local changes in the concentration of the inactive substancef the second factorsW or x,, respectively leads to an

do not exceed a few tenths of the unperturbed value, we caincrease in the growth rate of the initial instability, whereas

expect the amplitudes of the thermal capillary waves to inthe growth rate of the second instability does not exceed that

crease by approximately an order of magnitude — from aof the initial instability. When both instabilities build up si-

few angstroms to a few tens of angstroms. As a result of thisnultaneously, the branches of the dispersion equation de-

instability, an irregular relief will form on the surface and a scribing the Tonks—Frenkel instability and the capillary

surface concentratiogy,= xo(x) will be established, accom- wave instability in the solution of an inactive substance are

panied by periodic surface fluxes of inactive substance.  not independently realized close onto one another to form
In addition to this instability, the Tonks—Frenkel branches3 and4.

instability® will also be established in the system faf>2.

A detailed numerical analysis of the dispersion equatibon | ) ) ) o ) ] )

shows that both these instabilities may interact, forming new :\/A'Oféo'f("l'ggéphys'COChem'ca' Hydrodynami¢i Russiai), Fizmatgiz,

composite instabilities, represented by brancBemnd 4 in 2D. F. Belonozhko, S. O. Shiryaeva, and A. I. Grigor'ev, Pis'ma Zh. Tekh.

Figs. 1 and 2. Branch describes the capillary wave motion  Fiz. 22(15), 60 (1996 [Tech. Phys. Lett22 626 (1996].

and branct? describes the wave motion associated with re- *A. I. Grigorev, O. A. Grigorev, and S. O. Shiryaeva, Zh. Tekh. Fiz.

distribution of the surfactant. 62(9), 12 (1992 [Sov. Phys. Tech. Phy87, 904 (1992)].

Figure 1 shows the dependences of the real and imagiFranslated by R. M. Durham
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Influence of elasticity and dynamic surface tension on the wave motion spectrum
of a charged liquid surface

S. O. Shiryaeva, A. I. Grigor'ev, and D. F. Belonozhko

Yaroslavl’ State University
(Submitted February 19, 1997
Pis’'ma Zh. Tekh. Fiz23, 32—37(August 26, 199Y

It is shown that the combined influence of the relaxation of viscosity and surface tension on the
position of the boundary of the capillary wave spectrum established in a system is not a

simple summation of each effect separately because of the nonlinearity of the dispersion equation
in the corresponding physical parameters. 1@97 American Institute of Physics.
[S1063-785(107)02308-7

The phenomenon of instability of a charged liquid sur-wherew is the complex frequency in the time dependence of
face plays an important role in various technical and technothe thermal capillary wave amplitude§=>~exp(—iwt), k is
logical devices. Nevertheless, some aspects of the effecthe wave number, andis the imaginary unit. The imaginary
have not yet been studied. This particularly applies to thanegative part of the complex frequency gives the damping
influence of relaxation processes on the capillary wave morate of the capillary waves and the imaginary positive part
tion at a charged liquid surface, although the important pargives the growth rate of the Tonks—Frenkel instability, which
played by relaxation of viscosity and surface tension in thds established when the right-hand side of relatibn(with
formation of the wave spectrum was indicated quite somencreasing surface electric charge densipasses through
time ago? It was shown in Refs. 3 and 4 that relaxation of zero and becomes negative. The real part of the complex
viscosity and surface tension at the interface between affequency in this expression gives the frequency of the wave
electrically conducting liquid and a dielectric medium havemotion.
very little influence on the buildup of instability of a charged In the most general situation, the viscosity and surface
liquid surface: they do not affect the critical conditions, andtension are functions of frequerfowhich, within the frame-
alter the instability growth rate only very slightly. In this work of an idealized model of a continuous medium, is
context, we propose to study the interaction between the reequivalent to allowance for the real molecular structure of
laxation of viscosity and surface tension and its influence orthe liquid, characterized by specific rates of transfer of inter-
the structure of the wave motion spectrum of the liquid.  molecular interaction, momentum transport, and by the pres-

Let us assume that an unbounded flat surface of a visence of some ordering of the liquid structure in the surface
cous, incompressible, ideally conducting liquid, uniformly layer of its interface with other media:
charged with the surface charge densityills the half-space
z<0 in a gravitational field if,|| —g, wheren, is the unit
vector of thez Cartesian coordinate arglis the acceleration O, =0,—0y, v=vo(l—iwr,) L 2

due to gravity and is bounded by vacuum at 0. The equa- h d the vi it d surf tensi i
tion for the boundary surface in the absence of any perturba\f'-v Erévo andoy are the VIscosity and surtace tension at ero
requency, o, is the surface tension at high frequencies

tion is written asz=0. Let us taker andv to be the surface R
tension and the kinematic viscosity of the liquid, respec—(Where“’Ts>1)' andr, and s are the characteristic viscos-
ity and surface tension relaxation times.

tively, andp its density. - . . :

A detailed derivation of the dispersion equation for cap- . SUbSt'?‘tm% eq'r(f) mto_l:Eq. @, ,\['.VG obfta|n|_the_dd|sp_)t(re]r-
illary waves on a flat surface of viscous liquid in the absence®'ON €guation for Ihe capillary motion of a fiquid with a
of any surface charge was given in Ref. 5. Repeating th(gharged free surface in a plane half-space allowing for the
same reasoning as in Ref. 5 except that the dynamic bouna@laxa}tion of visg:osity anq surfac.e tension. In terms of di-
ary condition for the normal component of the stress tensopwensmnless variables, this equation has the form:
now also includes a term for the electric field pressure that  (1—iyy)[2—iyy(1—idy)]>+ a?(1—iyy)(1—idy)?
also takes into account the contribution made by the defor-

o=0,—0,(l-iwr) =0y—iwro,/l-iwr,

mation of the uniform distribution of the electric charge over ~ —if YY(1=i8y)>=4(1—iyy)V1-iy(1-idy); (3
the liquid surface(caused by the capillary wave motion of K
the free surfac .6'7 it is easy to obtain the dispersion equa-  y— “’2; = “’02; w2=—(gp+ ok2— 4mks?),;
tion for the capillary motion of a charged liquid surface: vok vok P
, ) s W f=0, Ipv’k; 6= VokZTU; y=rok?7s.
@ Ao —4rki| 1=\ 1= % It is easy to see that the physical parameters determining

‘ the relaxation effects and §) appear in the dispersion
_X 2 2 equation(3) in multiplicative and nonlinear form, and con-
p(gp+0k Amkx®), @ sequently, the result of their combined influence on the
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FIG. 1. Real Rey=Rey(«?) and imaginary Imy=Im y(«?) parts of the dimensionless frequency plotted as functions of the paranfettraracterizing
the dividing balance on the free liquid surface for: ay=0, 6=0.25; b —f=1, y=0.4,6=0; and c —f=1, y=0.4, 6=0.25.

physical characteristics of the capillary liquid motion is notwaves established in the system may be determined from the
obvious. According to Refs. 3 and 4, the most importantabscissa of the point of intersection of brancte®, and3.
aspect of the influence of these relaxation effects is the high- Denoting by a?=C the abscissa of the point where
wave-number limit imposed on the capillary wave spectrumbranchedl, 2, and3 diverge, the relation
We therefore examine how the relaxation of the viscosity 1 Aorrd? 2,2
and surface tension influence the upper wave number limit ~ 2_ /@_ | __90 /)\_ LAZ) —c
for the thermal capillary waves separately and jointly. pyz\ k k? 27p 22\ 0o

Figure 1 gives the results of numerical calculations usin

%an then be used to find the minimum capillary wavelength

(EF(?' (3)1{;” ;r;of’j; 0'238:"19' ;r?d 223275,2(2.4 alrédé_?h(?e in the system(which is not suppressed by viscosity or relax-
9. ' » Y= ' 9. ’ ation effects.

dashed curves give the continuations of the realized branches
of the dispersion equation, which go over to the lower sheets pv’C(  pv?C 4mx?
of the two-sheet Riemann surface on which the dispersion N in™ 270 1+ )
equation(3) was determined.

0] \ Og Og

Confirmation of this reasoning comes from the specific

Branchesl, 2, and3 correspond to capillary liquid mo- X X ,
tion induced by the thermal motion of the molecules and byF*@mple of water. According to data presented in Ref. 4, in
e absence of relaxation effects fo=0, we haveC~0.58,

surface tension, while branches numbered above 3 are geW—

erated by the action of viscosity and surface tension relaxVhich corresponds Wy,,~0.05 um = 50 nm. From Fig. 1a

ation effects(for further details see Refs. 3 andl 4 for y=0 itis easy to find>~0.91, which gives.;,~78 nm

It is easy to see that allowance for these relaxation effo’ #=0. Figure 1b for6=0 givesC~0.86 andA i ~74
fects produces a considerably more complex spectrum dim for x=0. Finally, Fig. 1c for y=0.4, 6=0.25 gives
capillary liquid motion. The numerical calculations show &~ 1-47 andimip~127 nm forx=0. Forx~0.5¢, (x, is
that interaction between viscosity relaxation and surface teril© critical surface charge density for the onset of Tonks—
sion relaxation leads to deformation of the spectrum obtainefi"€Nkel instability, the values ok, are doubled. Itis easy
by simply summing the new branches of the dispersion equd® S€€ that when bpth_these relaxation effgcts act Jomtly, their
tion associated with each of these effects separately. For ifFoMpPined quenching influence on the capillary waves is non-

stance, the region of existence of the relaxation wave motiofdditive:
(branch6) in Fig. 1b, whose appearance is ascribed to relax-
ation of the surface tension, is contracted as the parameter *A. I. Grigorev, and S. O. Shiryaeva, Izv. Ross. Akad. Nauk Ser. Mekh.

increases from zero, and fér=0.216 the branch disappears _Zhidk. Gaza. No. 3, 31994. )
completely 2Yu. A. Bykovski, E. A. Manykin, P. P. Pollov et al, Zh. Tekh. Fiz.

. _ _ 46, 2211(1976 [Sov. Phys. Tech. Phy&1, 1302(1976].
It was shown in Ref. 8 that the maximukn(or equiva- 33, 0. Shiryaeva, O. A. Grigorev, and A. |. Grigorev, Zh. Tekh. Fiz.

lently, the minimum wavelengtih =\ ;) for the capillary 66(10), 31 (1996 [Tech. Phys41, 989(1996)].
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Instability growth rate of a charged interface between immiscible electrically
conducting liquids

A. . Grigor'ev, D. F. Belonozhko, S. O. Shiryaeva, and S. I. Shchukin

Yaroslavl’ State University
(Submitted April 2, 199y
Pis’'ma Zh. Tekh. Fiz23, 38—40(August 26, 199Y

It is shown by means of a humerical analysis of the dispersion equation that two types of
aperiodic instability may occur at a charged planar interface between two viscous incompressible
immiscible electrically conducting liquids, for which the growth rates increase or decrease,
respectively as the conductivity ratio of the media increases.1997 American Institute of
Physics[S1063-78507)02408-1

The problem of the stability of the interface between two o1 £ e1tep
|mr_n|§0|ble liquids having different ph.yS|coc.:hem|_ca_I .chargc— o= 028— e," dm(oitoy)’ P=P1,
teristics has frequently been solved in various limiting situ-
ations in connection with numerous applications in physics, a?=(1+s8)(k(p—1)—k®)+k?F,
engineering, and technologgee, for example, reviews pre- o 14e02
sented in Refs. 193 Nevertheless, some related aspects F—y(1— U)( s + ) '
have not yet been fully clarified. This particularly applies to 1+e lt+o
studies of the characteristics features of the onset of instabil- 1-o 20
ity of a charged liquid interface. H=W(l—so)(s,8 1- 17e + sk
The following analysis is made using a model of incom-
pressible viscous conducting liquids filling all of space in a 81550 1+o
gravitational field. Let us suppose that the unperturbed inter- W= ———, ®=W(1—8U),3( -1

face between the liquids coincides with tXé&y plane in a
Cartesian coordinate system whasaxis is directed upward
in the opposite direction to the force of the gravitational
field. Let us assume that the upper liquid having the kine-
matic viscosity v4, density p;, and filling the half-space
z>0, is electrically conducting with conductivityg; and
permittivity £,. The lower liquid fills the half-space<0

1-0
1+e

AIW(l-so)ﬁ(l—

Numerical calculations made using the dispersion equa-
tion (1) are plotted in Fig. 1 which gives the positive real
component of the frequency Reversus the ratio of the con-

and has the kinematic viscosity, densityp,, permittivity ~ ductivities of the uppero, and lower o, liquids, Re
&, and conductivityo,. We also assume that the unper- S(91/02). Both branches in the figure describe aperiodic
turbed interface between the liquids is uniformly chargednStabilities of the Tonks—Frenkel type but behave differ-
with a surface charge densityand has a surface tensign ently with increasingr,/o,: branchl decays with increas-

The electrostatic fields in the upper and lower regions will bdNd 71/02 Whereas brancl increases. _
denoted byE,; andE,, respectively. It should be noted that brandhbegins on one axis of the

The dispersion relation for the capillary liquid motion in ¢oordinate system and ends on another. Brahappears

this system was derived in Ref. 4. In dimensionless vari-
ables, whergy=p,=y=1, this has the form:

Res
—a?(s’(1+sB)n+sk@d)—sk®H\
+(1+sB)?(s*(p+1)n—4s?k®r?(p—1)2d
+4s%k%v(p—1)m+ 4psk) 3l
+(1+sB)(sk?on+s3kb(p+1)d
+Kk(H+As?)(sm—2sk20v(p—1)d)=0, (1) 1
where
n=p(Vk*+ /v, = k) + (VK + sTv1 = K), g 7y
m=p(Vk?+s/v,—k) = (Vk*+s/v1=k), FIG. 1. Real part of the complex frequency, 8as a function of the ratio
of the conductivities of the upper; and lowero, liquids, Res(o 4 /), for
d=(Vk?>+s/v;—k)(VK?>+slvi—k), k=1, »=0.1,6=0.1, p=0.01, =0.01, andW=2.15.
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Oscillatory instability of the interface between conducting liquids in a normal electric

field
V. A. Saranin, A. N. Zharov, and D. F. Belonozhko

P. G. Demidov State University, Yaroslavl’

(Submitted February 18, 1997
Pis’'ma Zh. Tekh. Fiz23, 41-44(August 26, 199Y

It is shown that a new type of oscillatory instability, unlike the Tonks—Frenkel instability, may
occur at a charged interface between two electrically conducting liquids in a perpendicular
electrostatic field. ©1997 American Institute of Physid$S1063-785(17)02508-1

Studies of the stability of a charged flat liquid surface in
relation to its own charges and induced charges are of con-
siderable interest for numerous technical and technological
applications: However, there are many unresolved problems
associated with the need to allow for relaxation processes in
the liquid. In particular, the influence of the finite electrical
conductivity of a real liquid on the characteristic features of
the instability buildup in a charged liquid surface has not
been studied sufficiently comprehensively.

The investigation reported in this article concerns the
possible onset of oscillatory instability of the interface be-
tween two electrically conducting liquids in an electrostatic
field normal to the interface, which may occur at a lower
electric field strength than the Tonks—Frenkel instability.

1. Let us consider two immiscible conducting liquids

P2 _eiEfan,
P (prtpo)Q2n?
_ (1-ny)s+B1— BNy
(1+n)(B+s) 7
_s(ng+ny)(1+ny)+28ny(1+ny)
- (1+n)(1+ny)(B+s) '

0'1"‘0'2 .
(e11T€2)Qp’

(ng—ny)

B _ B (1+n2)_
~(1+ny)(B+s)’

P (1+ny)’

0

ny(1+n,)
,82_/3 l( 2) .

_p =72 _ 3172
ny(1+n,)’ o= (k+k5)™

filing the space between the plates of a plane-parallel cawheres is the dimensionless frequendyis the dimension-
pacitor and situated in a normal electric field. We select dess wave number,is the imaginary unitg; ando, are the

Cartesian coordinate systexny, z with the z axis directed

electrical conductivities of the liquids, anrd ande, are the

vertically upward. Thus the equation for the unperturbed surpermittivities.

face isz=0. We shall assume that the liquids have different

For some values of the physical quantities, Eg.con-

densities where,>p; but the same kinematic viscosities tains the small parametgr which has the meaning of the
v1=v,=v, where the subscripts 1 and 2 refer to the uppedimensionless viscosity. For instance, if we taie=10°
and lower liquids, respectively. We shall denote the surfac&g/n®, a=2x10"2 N/m, and »=10"° mé/s, we obtain
tension of the interface byr. The liquids are situated in wu~10"°<1.

external constant uniform electrostatic fieldg, and Eg;,
and also in a gravitational field.

2. The critical field strength, characterized by the param-
eterB,, and the frequency of the unknown wave mot®n

It was shown in Ref. 2 that the dispersion equation forwill be sought as expansions in the small paramgter

this system, cast in dimensionless form is:

(S?’L+Q3L+B;PLK*(n;—1)+5?)

1-n;
1+n5

X

n n
s+®BlLk2(—l—1) ) —(Blkz\IfL(—l—l
n; n;

B]_:boll.l,‘l' b1M2+ Cey (2)

s=iQ+ (wotiwg)ut(wqtio)u?. .. ©)

Herebg, by, ®;g, wjg, w1, andwj, are real numbers.

Substituting expression®) and (3) into the dispersion

equation(1), we can determine the coefficients of the expan-
2 sion. In the zeroth-order approximation with respect.iave
find s=iQ=i(k+k3 2 In the first order inw, we can de-

rive equations linking the coefficienty), w,g, and wjg:

1—ng\2 1-n;
+2uk?sL —s?
- 1+n, (1+n3
n{+n 1+n
x| —s+2uk?L +B,k20| —2 3 L)=O; (1)
n, 1-n,
3 1/2
‘ :(@KPZ_—PD)”Z. [k |\
" @ ' (p2tp1)
1/2
Lol 1 s vk2, oy g2
= 2 _ w20 _Bc.
uk? A Qn’ Yoy > ey’
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k2b0 nl_n2
:ﬁ(ﬁ(%_
2Q00(B+Qp) nz

Wio \PO>

ny—n;

—Q§(2®0+ \Ifl—tblﬂ;

n,
K%,
2(B*+Q9)

Wro

ny—n;
Bl 204+ n v, -0,
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n,—n
+(<1>0— ! zwo)}—zkz;
n;
(ni—1)% @ :(/31_,32”1)(”1_1)_
n,+1 ' 1t n,+1
_ngtny _2pBng NN
 n,+1" Y ng+1r U9 np,+1c

It follows from Eq. (3) that if w,,>0, the interface be-

For B=1 this condition can be simplified substantially:
(ny+1)(ny+1)
ni(ni—ny)

It can be seen from conditiofb) that oscillatory instability
may develop when the conditian,/o;>¢,/¢ is satisfied.

If we taken;=2,n,=1, 8=1, u=10"3, andk=10"2, os-
cillatory instability will develop in this system for
B,=3x10"3, whereas the Tonks—Frenkel instability is only

bo>(1+Q32) (5)

tween the media exhibits unstable oscillatory motion whichestablished foB;=20. Thus, for these parameters of the

increases exponentially with time. According to E4), the
condition for the onset of this instability has the form:
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bo>4(B%+Q3)

nl_
n;

,8(2®0+

ni—np -t

+ (I)O_

Vo
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system, an oscillatory instability may develop at much lower
values of the external electric field compared with the
Tonks—Frenkel instability.

1A. 1. Grigorev and S. O. Shiryaeva, Izv. Ross. Akad. Nauk Ser. Mekh.
Zhidk. Gaza. No. 4, 31994).
2J. R. Melcher and C. V. Smith, Phys. Fluidg, 778 (1969.
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Reflection of light by domain walls in the uniaxial ferroelectric Sn 2P,>Sg
A. A. Grabar

(Submitted February 12, 1997
Pis’'ma Zh. Tekh. Fiz23, 45-50(August 26, 199¥

The occurrence of light scattering during light transmission is described for some orientations of
an incident laser beam in polydomain crystals of the uniaxial ferroelectric tin
thiohypodiphosphate. This scattering is probably caused by the presence of a reflecting layer near
the 180° domain walls. A reflecting layer may be formed as a result of the appearance of
charged nonparallel domain walls. @97 American Institute of Physics.
[S1063-785(107)02608-9

The shape and orientation of the wall between ferroelecness of the light track inside the crystal was enhanced appre-
tric domains is determined by the conditions for minimiza-ciably for certain orientations of the incident beam relative to
tion of its elastic and electrostatic energy. In uniaxial ferro-the crystallographic axes and for an observation angle about
electrics(i.e., those having a single direction of spontaneou$®0° relative to the direction of the beam. This effect is not
polarizationP¢ and only antiparallel domainswalls parallel  caused by defects since it is observed in all samples, includ-
to the spontaneous polarization vector are energetically monag the most optically perfect ones.
favorable. The equilibrium thickness of the domain wall, de-  Figures 1 and 2 show photographsegatives of
fined as the region where the order parameter varies betwe@&n,P,S; samples, obtained when they were exposed to radia-
— P, and +Pg, is of the order of a few crystal lattice tion from an LGN-215 He—Ne laser with a power around 40
constants. This distance is two or three orders of magnitudemW. The dimensions of the sample werg Bx 4 mm along
less the wavelength of light. For this reason, a polydomain the X, Y, andZ axes, respectively. In the photographs, the
uniaxial ferroelectric is conventionally assumed to be an opbeam is incident on the surface paralle(@10) and scatter-
tically homogeneous mediuitin terms of the linear refrac- ing is observed through th@01) face. The laser radiation
tive indeX. was focused by a spherical lens with focal lenfith500 mm

It is knowr?-3 that nonparallel domain walls or even do- (Fig. 1) and by a cylindrical lens witli=100 mm (Fig. 2).
main walls perpendicular tB (opposed domainsnay exist  Qualitatively, the images have the following characteristic
in crystals exhibiting fairly high conductivity because of features.
screening by mobile charge carriers. The density of the cor- 1. Scattering is only observed in polydomain samples.
responding surface chargeds=2|P¢cose, whereg is the  The effect is not observed in a single-domain sample, but is
angle between the vecté; and the normal to the domain restored after the sample has been converted to the polydo-
wall. This screening charge is localized within layer whosemain state by annealing.
thickness is of the order of the Debye screening length 2. The effect is only observed for certain specific relative
The nonuniform charge in this region creates electric fieldorientations of the light beam and the observation point.
which then cause local changes in the refractive index as &hese directions always form a large angle with the polar
result of the electrooptic effect. In crystals with high valuesaxis X and the effect is not observed if the incident beam or
of Pg, cosp, conductivity, and electrooptic coefficientsg , the direction of observation are close to this axis. The pattern
this change and the layer thickness may be sufficient fois also observed if the direction of the light beam and the
reflection, scattering, or diffraction of light depending on thedirection of observation are interchanged. When the crystal
domain wall configuration. The directional light scatteringis rotated about the direction of observation, the “blaze”
effect described below may be explained as one manifestangle changes. In this case, the aperture of the scattering
tion of this screening of opposed domains. angle in the plane perpendicular to the incident beam is fairly

Single crystals of tin thiohypodiphosphate were studiedsmall (a few degreesand is tens of degrees in its plane of
These are uniaxial ferroelectric semiconductors belonging tpropagation.
the monoclinic systenfclassm) with a second-order phase 3. If the sample is polarized such that part of the bulk is
transition P2, /n— P, at T.=337 K (Ref. 4. The samples in the single-domain state, the scattering track is only ob-
were prepared by chemical transport reactions. This crystal iserved in the unpolarized regidfig. 1). On the whole the
transparent in the 530—800 nm wavelength range and its oprack is nonuniform and as the sample is displaced, scattering
tical properties were investigated previously in Ref. 5. To(luminous and nonscatteringdark) regions are observed,
describe the orientation we used the system that characterize®st frequently resembling bands. When the sampile is illu-
these crystal8where theX axis is parallel to th¢100] crys-  minated by a broad beaffig. 2), a parquet-like structure is
tallographic direction close tBg and theY axis is normal to  clearly visible with bands positioned at a large angle to the
the plane of symmetryn. polar direction.

When studying the transmission of focused laser radia- 4. When the crystal is heated to the phase transition tem-
tion through SpP,S; samples, we observed that the bright- perature, the scattering intensity gradually decreases and al-
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The most probable cause of this scattering is the exis-
tence of a reflecting layer near the 180° domain walls. An
analysis of the electric field distribution in the surface
screening layer of the ferroelectric was reported in Ref. 2,
where an estimated voltage drap~1 V for Ip~10"2 cm
was obtained for ferroelectric semiconductofSbsSl,
BaTiO;). The electric field may reach 491¢° vicm. Pa-
rameters similar to those of SbSI are obtained foF58; at
room temperatureR,= 15 mC/cnt, permittivity £,; = 200—

250 (Refs. 4 and § and conductivity~ 10~ 1% S/cm; Ref. 7.
Taking the field strength in the screening layerEas 10°
V/cm, for the effective electrooptic coefficiemy = 70
pm/V and a refractive inder~3.0 (at A =632.8 nm (Ref.
5), the induced change in the refractive index may be
on=nqr4E/2~10 3, which corresponds to the reflection
coefficient R=(6n/2n)?~3x 108 for normal incidence.
For the average equilibrium domain width of the order of
50 um (Ref. 8), the net reflection coefficient per cm of the
beam path may be of the order of 18-10"°. Similar ef-
fects near the walls of opposed domains may be caused by
FIG. 1. Scattering of a helium—neon laser light beam focused by a sphericdther phenomena. According to Ref. 9 for instance, regions
lens in a partially polarized $R,Ss sample(negativé. A scattering track is  of varying refractive index around &m thick are formed in
observed in the polydomain region. The incident beam passes across ”Fapidly cooled high-resistivity LINbQ These regions are in-
(010 face and observations are made perpendiculd00a). duced by an explosive charge and can be observed in trans-
y p g
mitted light by a polarizing microscope.

most disappears 5—10 K before the transition is reached. No To conclude, the obseryed directio_nal scattering effect is
scattering is observed in the paraelectric phase. As the te _robap ly caused_by reflection of the light wave by charged
perature is reduced and the sample returns to the ferroelectrgcc?maIn W'fl”S’ which can only occur when these crystal_s con-

) . tain domain walls nonparallel to the spontaneous polarization
phase, the scattering pattern is restored.

5. When the sample is switched by an external electro®S: This hypothesis contradicts the earlier concldstbat

static field (up to 500 V/cm), various sections of the track SMyP,Ss has equilibrium domains in the form of cylinders

s X elongated alond®. The conclusions drawn in Ref. 8 were
inside the crystal are observed to switch on and (affal . s

I . . . ... based on observations of domains at the surface of a sample
switching of the illuminated sample requires the application

: using the liquid crystal method, whereas the pattern in the

of a field above the breakdown vajue . .
bulk may be more complex. The results obtained by studying

the bulk distribution ofP, by a holographic methdf agree
qualitatively with the hypothesis of domain walls nonparallel
to Ps. A more detailed study of directional light scattering in
samples with different crystallographic orientation may pro-
vide additional information on the domain wall configura-
tion.

This effect can be used to propose a new method of
studying the domain structure of uniaxial ferroelectrics such
as SpP,S;, it can provide a very simple and convenient
method of testing the degree of unipolarity of the samples,
and also requires that these effects be taken into account in
measurements of the optical parameters of polydomain ferro-
electric semiconducting crystals.
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Direct confirmation of the Coulomb mechanism for atomic displacement in heavy-ion
tracks in a dielectric

V. K. Lyapidevskil and M. |. Ryazanov

Moscow Engineering-Physics Institute
(Submitted October 11 1996; resubmitted April 10, 1997
Pis’'ma Zh. Tekh. Fiz23, 51-54(August 26, 199Y

It is shown that the results of two independent experiments confirm the Coulomb mechanism for
atomic displacement in heavy-ion tracks in dielectrics. 1897 American Institute of
Physics[S1063-785017)02708-0

1. It is known that atomic displacements take place in  The incorporation of impurities with weakly bound elec-
heavy-ion tracks, and various mechanisms have been put fotrons in a dielectric therefore facilitates the capture of atomic
ward to explain this effect? including Coulomb repulsion electrons by ions, reducing the lifetime for loss of electrical
of the ions formed in the material. neutrality, and therefore reduces the number of atomic dis-

However, no direct experimental evidence has been proplacements in the heavy-ion tracks.
vided to support any particular mechanism. Here we show |t is interesting to verify experimentally how impurities
that the displacement of atoms in tracks as a result of Couyith weakly bound electrons affect the displacement of at-
lomb repulsion of ions formed in the track is directly con- gms in ion tracks.
firmed by experiments to study the influence of impurity 4. |t is known that when materials exhibiting thermolu-
atoms on the properties of the track. minescence are exposed to gamma irradiation, localized elec-

2. It is well known that atomic displacements in tracks trons with a binding energy of around 1 eV are formed. In
do not occur in conducting media but do occur in dielectrics 4jyminophosphate glass, for example, the binding energy of
It may thus be hypothesized that the atomic displacements ifhese electrons is 0.4 efRef. 3. The appearance of weakly
a track are associated with some local loss of electrical neysq,nd electrons in a dielectric may also impede atomic dis-

trality over a certain time. In conductors, local loss of elec-p|,cements in the track if the concentration of localized elec-
trical neutrality is immediately compensated by conduction, . is fairly high

electrons. The lifetime of local losses of electrical neutrality . 1t follows that the nature of the atomic displace-
in dielectrics is determined by sequential hopping of eIeC'ments in the tracks may be altered by irradiating the dielec-

trons accompanied by capture of the most weakly boun(i]ri c

atomic electrons by ions. The valence electron of an atom C :
L ) . Y . 5. Atomic displacements in tracks are usually recorded
nearest to the ion is situated in the net “two-well” potential : . . .
. , . " L by measuring the rate of acid etching along the track, using
U(r) of its atomU’(r—R) and the ionU"(r) (the ion is at : . )
the origin and the atomic nucleus is at poRit The poten the dependence of this rate on the concentration of displaced
éatoms‘.‘ The authors of Ref. 5 investigated the decrease in the

tial barrier separating these two wells has a minimum at th ber of displaced at in tracks of 1 MeV .
pointr=b on the straight line connecting these two nuclei, "UMPET Of displaced atoms In tracks ot - Mev:xenon 1ons
per coulomb in aluminum and tritium oxide cryst&iFhe

The value ofb is determined from the extremum condition o . o "
dU(b)/dr=0. A rough estimate fob is obtained through addition of cerium oxide impurities to AlI;O,, reduced the

the approximation of Coulomb potentialZ € is the ion number of displaced atoms in the track, in direct proportion
charge: to the number of impurity molecules.

h " ) " When aluminophosphate glasses were exposed to 1.25
b=RZ(1+2"%).; U(b)=-(e’/R)2(z+2"). (1)  MeV gamma radiation at a dose of®lead in Ref. 7, it was
If the binding energy of the valence electronlis |U(b)|, observed that the number of displaced atoms decreased in the

the valence electron moves freely between nuclei, electricdf2cks of nickel ions with an energy of 7 MeV per coulomb.
neutrality is restored as rapidly as in a conductor, and thé\n estimate of the concentration of localized electrons using
atoms are unable to undergo displacement. However, {i1€ conversion efficiency yields a value of around’xgn"
| >|U(b)|, the electron has to percolate through the potentiafRef. 8.
barrier, which takes a fairly long time compared with the 6. It has thus been observed in two independent
displacement of the conduction electrons, and Coulomb reexperiments’ that the appearance of states with weakly
pulsion is able to displace the ions. Thus the condition foloound electrons in a dielectric reduces the number of atomic
the existence of atomic displacements in heavy-ion trackgisplacements in heavy-ion tracks. This effect can only be
has the forml >|U(b)| or I>e?n'? if Z=1 in Eq.(1). explained in terms of one of the known mechanisms for
3. Impurity atoms have a different binding eneidyand  atomic displacement in tracks — displacement as a result of
particle number densitp’. Loss of electrical neutrality can Coulomb repulsion of product ions.
be suppressed by electron hopping via impurities when Hence these measurements may be considered as experi-
I’<|U(b)|~e?n'Y3. If 1>|U(b)| but I'<|U(b")|, no  mental evidence that the Coulomb mechanism is responsible
atomic displacements will take place in the track. for atomic displacements in heavy-ion tracks.
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Characteristics of anomalous electron emission from the surface of PbTiO 3
and Pb(Zr, Ti)O ; ferroelectric films

A. T. Kozakov, A. V. Nikol'skiT, I. V. Novikov, VI. M. Mukhortov, and S. |. Shevtsova

Scientific-Research Institute of Physics at the State University, Rostov-on-Don
(Submitted March 11, 1997
Pis'ma Zh. Tekh. Fiz23, 55-61(August 26, 199y

The possibility of obtaining anomalous electron emission from thin ferroelectric films is
investigated and the emission characteristics are compared with those of bulk samples. The results
presented indicate that anomalous electron emission may only be observed in nonlinear
dielectrics(i.e., those exhibiting ferroelectric instabilityThe sensitivity of the anomalous electron
emission to perovskite structural elements in thin films with a pyrochlore structure is

discussed. ©1997 American Institute of Physid$S1063-785(07)02808-5

Increasing interest has recently been shown in the phecompare its characteristics with the anomalous electron
nomenon of electron emission from ferroelectric materialsemission from bulk samples. This is the aim of the present
caused by a particular electrophysical state of the surfacstudy.
region of polarized ferroelectrids® This interest has been The samples used were PbEi@ms having a perov-
stimulated by the various possible applications of the elecskite structure and RBr, Ti)O3 (PZT) films having a pyro-
tron emission effect, such as the development of electrochlore structure. Films around 100 nm thick were deposited
sources using ferroelectric materiét®ld cathodesand flat  on (100 MgO by rf cathode sputtering of stoichiometric
panel displays for various purposeslio obtain electron targets using the technique described in Ref. 7. The films
emission in these studies, electrodes are deposited on eitheere polarized by the applied electrodes and the electret po-
side of the sample and voltages of different polarity are aptential differenceV, was measured by the compensating field
plied at frequencies ranging between a few hundred hertmethod® The anomalous electron emission from the negative
and several kilohertz This type of sample is a highly com- surfaces of the filmgthe surfaces with injected electron
plex system, making it difficult to investigate the fundamen-charge¢ was investigated by x-ray photoelectron
tal aspects of the effect. Electron emission has been obtainexpectroscopyby a method described in Ref. 6. For compari-
from the surface of bulk ferroelectric sampiegband from  son we also investigated the anomalous electron emission
thin ferroelectric films’ from the surface of a PbTiQOsingle crystal (30Q.m thick

In Ref. 6, we observed electron emission caused by thand measuring 208 mm). The composition of the films and
presence of an accelerating potential in the surface regiothe single crystal was investigated by x-ray spectral mi-
when an electrodeless surface of the polarized ferroelectriczzroanalysis and the structure was studied by means of an
electret PbMg;Nb,,;05 (10X 10X 1 mm) is exposed to soft x-ray diffractometer. The single crystal was also polarized by
x-rays. The potential relief in the surface region responsiblehe use of applied electrodes. The maximum measured elec-
for the appearance and spectral profile of this emission itret potential difference reached 15 V and then fell to zero
formed as a result of interaction between the charge field obver 8—15 min. This result is not unexpected: the weak elec-
the electrons injected into the sample and the electric polatret properties of PbTi@single crystals and ceramics were
ization field of the ferroelectric which forms as the responsenoted in Refs. 10 and 11. Thus no anomalous electron emis-
of the ferroelectric to the injected charge fiélth both cases sion was recorded from the surface of the Phbil€ngle
the fundamental principle of the electron emission is thecrystal.
spontaneous polarization of the ferroelectric sample, al- However, stable anomalous electron emission was ob-
though the mechanisms that induce the effect may differ. served from the surface of the PbEid@lms on (100MgO
The experiments described in Ref. 6 are more suitable foand its properties and mechanism of occurrence had many
identifying the fundamental aspects of electron emissioranomalous features comparable to the anomalous electron
from the surfaces of polarized ferroelectrics because theremission of surface PbMgNb,,s0; described in Ref. 6.
are no electrodes at the emitting surface to complicate the In order to eliminate other types of electron emission
effect. In Ref. 6 the electron emission stimulated from thewhich have been observed at different times from the surface
negative surface of a ferroelectric electret was described asf thin insulating films(such as Sig),*>**we carried out the
anomalous because the mechanism for its occurrence difellowing investigations. The applied electrodes were used to
fered from the photoemission mechanism. It was also showimject an electron charge into ti&00 MgO surface and the
that the spectrum of anomalous electron emission may beompensating field methBdvas used to measure the time
used to investigate ferroelectricity at the microscopic level. dependence of the electret potential difference. It was found

In view of the potential applications of electron emissionthat MgO is a fairly good electret. The maximum electret
from the surfaces of thin-film systemst is interesting to  potential difference/, exceeded 300 V and was maintained
study anomalous electron emission from thin films and tofor several hours. When electrons were excited from this

640 Tech. Phys. Lett. 23 (8), August 1997 1063-7850/97/080640-03%$10.00 © 1997 American Institute of Physics 640



— electret potential differencé, in the film reached 300 V and
remained stable for several hours. Despite the existence of an
electret state, no anomalous electron emission was observed
from the SiO film.

wor ’ After a 100 nm thick epitaxial PbTiOfilm having a
perovskite structure had been polarized and then exposed to
B 7 soft x-rays, electron spectra having all the signs of anoma-
OfF - 1 lous electron emission were reliably recordetie beginning
5 2 . of the spectrum coincided with the electret potential differ-
1sof enceV, and the emission was caused by a maximum in the

potential distribution at the depth of formation and produc-
tion of the electron emission spectrum, whose numerical
value coincided with the energy position of the high-energy
oo Ny slope of the spectrum. Under prolonged x-ray irradiation, the
spectrum was shifted toward lower kinetic energies, its in-

|, counts/s

150 - tensity and full width at half-maximum decreased; i.e., the
| J\/L ) spectrum exhibited relaxation, which is typical of the anoma-
s i lous electron emission from the surface of PhMdb,,s05
(Ref. 6. However, relaxation of the spectrum accompanied
ot g . . )
. by an increase in the full width at half-maximum was ob-

served for some PbTigfilms. An example of this relaxation

150 1 . of the spectrum of anomalous electron emission from the
;‘/\/\R . surface of PbTi@ films with a perovskite structure is shown

in Fig. 1.
ol — v No anomalous electron emission was observed for
Y 50 100 150 200 250 pyrochlore-structure REr,Ti)O; films after a single polar-
E.in: €V ization, although some was observed after the second and

subsequent polarization&ig. 2). This effect is interesting
FIG. 1. Change in the spectra of anomalous electron emission from thbecause REr,Ti)Oz films are linear dielectrics similar to
surface ofapqlarized Png_OiIm as a function of irradiation time. Spectra MgO and SiQ, but no anomalous electron emission has
1-4 were obtained at 30 min intervals. been observed for these, despite repeated polarization. The
impression given is that several polarizations of the linear
surface by soft x-rays as in Ref. 6, no anomalous electropyrochlore-structure dielectric PZr,Ti)O; can result in the
emission was observed. formation of a potential relief conducive to anomalous elec-
A 100 nm thick SiQ film was deposited on cleaved tron emission and which, according to theoretical reasohing,
(100 Mg by low-temperature depositioipyrolysis of tetra-  should be formed as a result of the nonlinear response of the
ethoxysilane in argon vapprThe applied electrodes were ferroelectric to the electret charge injected into the surface.
used to inject electrons, which were captured by traps. Th&his contradiction may be resolved by assuming that the film

|l ] ] v
[ 1
150 |- -
100 - -
50 |- -
Y
@ 4
-
3 O e 7 FIG. 2. Change in the spectra of anomalous electron
° emission from the surface of a sindl{) and doubly(2)
~ 80 F 2 4 polarized PkZr,Ti)O5 film.
100 |- -
50 | -
0 . 1 N L . 1 .
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Undamped self-oscillations in a compensated semiconductor under conditions
of impurity breakdown in the presence of a magnetic field

K. M. Jandieri and Z. S. Kachlishvili

Thilisi State University
(Submitted March 17, 1997
Pis’'ma Zh. Tekh. Fiz23, 62—66(August 26, 199Y

Conditions for the generation of undamped self-oscillations in a compensated semiconductor in
the presence of a magnetic field are studied. 1897 American Institute of Physics.
[S1063-785(1®7)02908-X

In Refs. 1 and 2 we derived a criterion for the generation It is known that the magnetic field plays an important
of undamped self-oscillations in a compensated, spatially horole in self-oscillating systentsHere we consider the influ-
mogeneous semiconductor undergoing low-temperature eleence a magnetic field on the behavior of such a system. Con-
trical breakdown. The dynamics of this physical system weraditions without a Hall field E,=0) are analyzed. A strong,
described by a mathematical model whose equations deronquantizing magnetic fieltl is applied perpendicular to
scribe generation-recombination processes in shallow impuhe electric fieldE,. Under these conditions, criteriof)
rity levels with the concentratioNy and the degree of com- retains its form. The applied fiel, functions as the heating
pensationC, dielectric relaxation of the electric fiel, and  field and the quantity.=e/m* (7/(1+ wZ272)) plays the role
delay of the electron temperature relative to the change in of the mobility, wherew, is the cyclotron frequency andis

This criterion has the form: the momentum relaxation time. The nature of the depen-
1/ E B dencesA(Z) and B;(Z) obviously does not change in a

TdeBT(ZB)C< 1— _<__1) ) > ) magnetic field, and thus for a given sample the breakdown

v\Es 2 valueZz also remains unchanged. However, the correspond-

where ing value of the electric field obviously does vary because of

. the change in mobility.

B=<1+@E)T m=Zu'(Z) u(Z) When energy is dissipated by acoustic phonons, for

f(Z) m/ 2’ ’ Z>1 we havef(Z) « z%? (according to the well-known

Shockley formulg Zf'(Z)/f(Z)=3/2 and if the momentum
is also scattered by acoustic phonons, by ionized and neutral
Herery is the time delay of the electron temperatu#g,and  impurity atoms, in the absence of a magnetic field we obtain
Eg are the breakdown values of the electron temperatur@ values of 1/2, 3/2, and 3/4, respectively, according to the
normalized to the lattice temperatur@=T./T) and the notation used in Eq(2). In a magnetic field the situation
electric field, respectivelyB andA, are the coefficients of changes substantially. For instance, in strong fields
thermal recombination and impact ionization, respectively,(w§7-2>l) where the momentum is scattered by acoustic
f(Z) is the total rate of energy loss of the electron gass  phonons, we havg « ZY2 and8=1, i.e., in this case the
the mobility of the free carriers, andis the permittivity of magnetic field makes it difficult to satisfy conditiof3).
the sample. The primes denote derivatives of the correspon@When the momentum is scattered by impurity ions we have
ing quantities and the value ¢f is taken at the breakdown u o« Z=%2andg=0, i.e., condition(3) is invariably satisfied
point. (in this case the energy balance equations give E?S i.e.,
Condition (1) is obtained for the case of no additional u « E~! and the drift velocity reaches saturatiowhen the
illumination, where oscillations can only occur in the post-momentum is scattered by neutral impurity atoms, the mag-
breakdown region of the electric fieldEEEg) (Refs. 1-3. netic field has no influence o8.
The range of variation oE in which undamped oscillations When energy is dissipated in ionizing impurity atoms,
may occur is determined by the inequaliyEg—1<+vy. The  f’(Z) can be accurately replaced byZ)/Z. We then have
smaller this interval(i.e., the closer the value @& to the B= (m/2) (1+1/m) and for momentum scattering by impu-
breakdown valug the better conditioril) is satisfied, but if rity ions we obtaing= —1/4, i.e.,8 even becomes negative.

v=(Ax(Zp) +B1(Zs))/ BWu(Zg)C, W=4melz. (2)

the interval is too small, it is difficult to observe the oscilla- We performed computer calculations for arbitréty If,
tions experimentally. Selecting the optimum valuein addition to momentum scattering by impurity ions, allow-
E/Eg—1=y/2, condition(1) has the following form: ance is also made for scattering by acoustic phonons and

neutral impurity atoms, and energy is dissipated by acoustic
7aBr(Zg)NC> . © phonons, in excitation and ionization of impurity atofme
From an analysis of this criterion it was established inused expressions from Ref. 6 for the rates of these prgcess
Refs. 1 and 2 that the occurrence of undamped oscillations i$ is impossible to obtain a zero value and particularly a
most likely to occur for momentum scattering by phonons innegative value of3 (this is partly because when momentum
a certain range dfly, and for fairly high values o€, which  is scattered by impurity ions the theoretical dependence of
is in good agreement with the experimént. the momentum relaxation time on the carrier eneyis
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FIG. 2. Bifurcation diagram on theE(Eg ,H) plane for the following val-
0.1 - : ues of the raticR/r: 1 — 0.05,2 — 0.1,3 — 0.15, and4 — 0.2.
R LI rity atoms. AsH increases, both the left- and right-hand
10 100 H, T sides of this inequality decrease. It can therefore be predicted
_ that the condition for the occurrence of undamped oscilla-
FIG. 1. Dependence 8 on H (for explanation see tekt tions is best satisfied for certain intermediate value$dof

This is confirmed by Fig. 2 which gives a bifurcation dia-

gram on the E/Eg,H) plane forn-Ge under the same con-
weaker thanc?® because of the presence of a logarithmicditions as in Fig. 1 for different values &r, whereR is the
terms. Figure 1 givess as a function oH for n-Ge under  resistance of a load connected in series with the sample and
the following conditions: T=4.2 K, C=0.95, and r s the resistance of the sample. On this diagram the range

Ng=5x10'® cm‘3_. _ N of variation of the bifurcation parameters contained within
We now consider the left-hand side of conditi®). At the closed curve corresponds to the saddle-focus equilibrium
the breakdown point we haw@NyC=ANy4(1-C)~1/7,,  points, i.e., undamped oscillations in the system.

where 7, is the energy relaxation time when this energy is
dissipated in ionization of impurity atoms. It was shown in
Ref. 1 thatry~ 7., where 7, is the total energy relaxation 1Z. S. Kachlishvili and K. M. Jandieri, Bull. Georgian Acad. St54, 61
. . . g . .. (1996.
tlmei' Under thIS assumptlon_, the left hand side of C_OhC_iItIthZ S. Kachlishvili and K. M. Jandieri, Bull. Georgian Acad. St&4, 208
(3) is proportional to the ratiae/7, and increases with in-  (199q.
creasing degree of domination of energy dissipation in ion-3z. S. Kachlishvili and I. D. Kezerashvili, Fiz. Tekh. Poluprovodt,
ization of impurity atoms over the other dissipation mecha-él?ﬁél%qt[iw P;lysl-:serlt:tor}\tilf,dG?\l? ul??s]m 11(1966; . H
H H _ H e . I. Zavaritskaya, Ir. FIZ. Inst. ad. Nau y . M.
nism. AsH increases, the left-hand side of conditit8) Koenig, R. D. Brown, and W. Shillinger, Phys. Re\28 1668(1962.
decreases since the proportionality factor in the dependenceape yutake, Solid State Electro81, 795(1988; A. Brandle, T. Geisel,
of 74 on 7, decreases. and W. Prettl, Europhys. LetB(4), 410(1987; M. Weispfenning, |. Hoe-
In the presence of a magnetic field, conditi@ is best 6;er’sV\}Q B‘;P”r‘]' ‘lN ;:ett'is"i”? E-szgf)gspgg’s-lgfv- LBS. 754 (1985.

satisfied when momentum scattering by impurity ions pre- 2 S Kachiishvili, Phys. Status Solidi 88, 65 (1971.

dominates over dissipation of energy in ionization of impu-Translated by R. M. Durham
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Effective rules for combination of interatomic interaction potentials and forces
G. V. Dedkov

Kabardino-Balkarsk State University, Nalchik
(Submitted May 15, 1996; resubmitted March 13, 1997
Pis’'ma zZh. Tekh. Fiz23, 67—75(August 26, 199Y

New rules are proposed to combine interatomic interaction potentials of neutral atoms by
summing(taking into account the sigrgeometrically averaged individual contributions of constant
sign, calculated using the electron gas model. The formula for the interaction force includes
known values of the potentials and forces of homoatomic pairs. The error incurred by using
combination relations is compatible with the error of the initial model in the range of
internuclear distances OR<8 a.u. © 1997 American Institute of Physics.
[S1063-785(017)03008-3

The search for proven combination rules for interatomic 7.
interaction potentials is important for various applications Gi(ri)z—'+vei(ri)=
because by successfully solving a problem using 100 poten- fi
tial curves for homoatomic pairs of atoms in the periodic )
table, it is possible to make elementary calculations of powhereni(ri), ni(r’), andVe(r;) are the electron density and
tentials for 4950 possible heteroatomic combinations. Thighe potential of the electron cloud of an atorfi =1,2),7; is
number increases considerably for interaction in ion—atonih® corresponding atomic number, ands the distance be-
(ion—ion) systems. This explains why the topic has attractedWeen a given point and the nucleus of atonin the defi-
interest for more than forty yearsee Ref. 1 and the refer- Nition of the functionG;(r;) it is significant thatG;(r;)>0
ences cited thereinThe principal disadvantages of all pre- for anyr;. The last three terms in El) are determined by
viously proposed combination rules is that they are validdentical integrals having the fo.rnﬂo Sl_mpllfy the notation
only in restricted ranges of interatomic distances, usually not€ arguments of the functions in the integrand are omjitted
exceeding a few atomic units, and there are no general for-
mulas for the regions of repulsion and attraction. The aim of
the present paper is to provide analytic and numerical justi-
fication of a universal method of combining interaction po-
tentials by summing geometrically averaged individualwhere g,(n) is the corresponding type of energy density
constant-sign contributions to the potential, calculated usingkinetic, exchange, or correlatiom: = kin, ex, co), where
the model of an electron gas, which successfully describegin(n) =2.8M% and ge,(n) = —0.73%1*>. The expression
the interaction potentials in systems having closed shells foior g¢,{(n) is not given because it is very complicateske
0<R=8 a.u.(Ref. 2. An important factor is that part of the Refs. 1 and 2 For the following analysis it is significant that
electrostatic interaction is taken into account exactly andJ {R) is negative. BotiU.(R) andef)(R) are also nega-
gives a Coulomb asymptotic curve for smell This possi- tive whereadU,;,(R) andU{"(R) are positive.
bility was first noted in Ref. 1. Although the electron gas The basic statement made here is that the interaction
model only adequately describes systems with closed shellpptentials of a heteroatomic pair of atorAsand B may be
calculations of repulsion forces caused by overlap of electroexpressed in the form
clouds, made using this model, are widely used to determine
coupling forces in solids and to model the propagation of 1(z z
accglergted ions in a materf. PP URB(R) =3 Z_iUQA(l)(R)JF Z—iUSB(l)(R)

In the standard variant of the model allowing for ex-
change and correlatiohthe expression for the interaction
potentials of two neutral atoms may be represented as the
sum of several terms. Unlike Ref. 2, however, the electro-
static interaction is more conveniently expressed differéntlywhereUQA(BB)(R) are the contributions of the electron gas
(all the formulas are written in atomic unjts energy to the interaction potentials of the homoatomic pairs,
s, is their sign, with the sum ovex also including a term

Zi [0 s
ri It —r " ®

UL(R)= f [02(Na+ M) — gun)) — 9u(np) I, (4

+2) s(UAAR)UBB(R))?, (5)

R)= R)+ Uin(R) + R)+ R 1 .
URI=Ue(R)+Uin(R) + UeR)+Ucof R, @ corresponding tdJP(R), and USA™M) and UEB™M) are the
Uo(R)=UDP(R)+UP(R) hognoatomic components pf the int.eraction potential from
UM(R) (see Eq.(2)). The first term in Eq(5) exactly de-
=0.52,G,(R)+0.52,G4(R) termines the corresponding part of the interaction potential
and is responsible for the Coulomb asymptotic curve
—O.SJ [G1(r)ny(ry)+Gy(ry)ny(ry)]d3r, UAB~Z,Z,/R for smallR.
We obtain an expression for the interaction force

(20  FAB(R) by standard differentiation oJAB(R), assuming
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that the homoatomic components of the forée€$ (®®)(R)
are known, as are2"W(R) andFEBM)(R), whose notation e

is explicitly related to that for the potentials: 4 a
3 K€

Uin(R), -IIe(Z)(A’), arb. units

JUAB(R)

AB/RY— _
FA(R) R

1(2, AA Z,
- | = (1) ~2 -BB(1)
5|7, F R ZFEFUR)

1 UAARIFEB(R) + UBB(R)FAAR)
T32 ST gMpurE O

-5
Let us now justify Egs(5) and(6), first considering the term 0 0 £, .arb. units 4
USB)(R). We apply the Cauchy—Schwartz inequality
(where the subscripts “1” and “2” indicate the positions of ;ouex(/?), ~Ueor(R), arb. units
the nuclei, “A” and “B” indicate the type of atoms, and the b
arguments of the functions in the integrand are omitted for KrC

conciseness

f(nlAGIAnlBGZB)llzdsr NW&M
12 12 M
s[(J' NiaGoad%r fnlBGZBd"’r) ] (7)

However, direct numerical calculations indicate that the fol-
lowing relation holds 3
~4

0
0]

3 &, arb. units 8
0.5] (nN1aGog+nygGip)der
FIG. 1. Separate contributions to the interaction potential of Kr—C as func-
1/2.43 tions of the internuclear distané® Curvesl and3 were obtained using the
= | (n1aG2aN18G28) Y d3r. 8 combining formulas and correspond t0U?(R), Uyn(R) for casea and
—Ug(R), —U(R) for caseb. Curves2 and4, in the same order, give the
exact calculations using formul&®)—(4). All the values are given in atomic

The function in the integrand on the right-hand side of in-units_

equality (8) is not the geometric average of the functions in

the integral on the left-hand sidetherwise it would be trivi-

ally satisfied. Taking into account inequalitie¥) and (8),

we replace the left-hand side of inequal{8) with the prod- This argumentation clearly does not guarantee final suc-

uct of the integrals on the right-hand side of inequalify,  cess in applying Eqg5) and (6) but provides the stimulus

which is equivalent to evaluating2®® using the geometric for a numerical analysis.

average rule. In this case, there is clearly some compensation Numerical calculations of homoatomic and heteroatomic

for the incurred error. The result is of course accurate for anteraction potentials were made using an analytic approxi-

homoatomic pair. For the other contributions to the potentia|mation of the Hartree—Fock electron distributions for neutral

the numerical calculations indicate that the following in- atoms taken from Ref. 5, which gives a compact computer

equalities are satisfied program. The criterion used to assess the accuracy of the
combination formulag5) and(6) was to compare the results

4 _ _ 4 of calculations using these and those of direct calculations of
[9a(N1a*N28) = Ga(N1a) ~GalNop) 17T heteroatomic interaction potentials using formulds-(4).
The most critical case for such a comparison is that
;f {[9(N1aA+N2p) — Gal(N1a) — Gl Nap) ]H2 where there is a large difference between the atomic numbers
of the interacting particles, therefore a Kr—C pair was con-

X[Ga(N1s+ Nog) — Gu(N1g) — 9ul(Nap) 13 d3r.  (9) sidered as the first representative example. Figures 1a and 1b
show results of calculations of the various contributions to
Again applying the Cauchy—Schwartz inequaliio the the interaction potentiglithout the termU{"(R) taken into
right-hand side of expressio®)), the integral on the left- account exactly The solid curves give the combination rules
hand side can again be estimated by the geometric averageafid the crosses give the accurate calculations. For conve-
the homoatomic potentialsvith partial compensation for the nience, all the terms of the interaction potentials are taken in
erron. terms of the modulus. Figures 2a, 2b, and 2c give the result-
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FIG. 2. Resultant potential, curvés, 2) and force(3, 4) curves for Kr—C F_IG. 3. As Fig. 2 for regions of attraction. All the forces also have their
(@), Kr—Ar (b), and Cu-Sic) for repulsion:1, 3— combining rules2, 4 — signs changed.
exact calculations. For convenience all the forces have their signs changed.

pared with the accurately calculated potentials does not gen-
ant dependences of the interaction potentials and the interaerally exceed 10%, i.e., is comparable with the initial accu-
tion forces for the combinations Kr—C, Kr—Ar, and Cu-Si. racy of the electron gas model. Although the approximation
The regions of repulsive interaction are shown. The regionsised for the electron densities is not the most accurate nowa-
of attraction are given separately in Figs. 3a, 3b, and 3c. Thdays, the results suggest that the combination form(8as
figures show extremely good agreement between the poteand (6) should still hold when other atomic approximations
tial curves and the force curves obtained using formdas are used. A more detailed comparison between the curves in
and (6), and by direct integration using formuld4)—(4) Fig. 1 and Figs. 2 and 3a for Kr—C also indicates additional
over the entire range dR values, even giving the correct compensation for the errors from summation of the contribu-
position and depth of the minimum. The difference com-tions of different sign to the interaction potentidmpare

647 Tech. Phys. Lett. 23 (8), August 1997 G. V. Dedkov 647



the behavior of the individual components and the resultant'G. v. Dedkov, Usp. Fiz. Naukt65, 919 (1995.

potentials forR>5 a.u). 2R. G. Gordon and Y. S. Kim, J. Chem. Ph#, 322 (1972.
These results are also typical of all the other calculated3W- A. Harrison,Electronic Structure and the Properties of Solidsee-
heteroatomic combinations with atomic numb&gs= 36. It man, San Francisco, 19B[Russ. transl., Mir, Moscow, 1983

o .. 4J. P. Biersack, Nucl. Instrum. Meth. Phys. Res2B 21 (1987).
can therefore be concluded that it is promising to use th y B 21 (1987

. . . . &“’G. Strand and R. A. Bonham, J. Chem. PH@. 1686 (1964.
proposed combination formulas to calculate interatomic in-

teraction potentials and forces. Translated by R. M. Durham
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Vortex optical Magnus effect in multimode fibers
V. V. Butkovskaya, A. V. Volyar, and T. A. Fadeeva

Simferopol State University
(Submitted December 16, 1996
Pis’'ma zZh. Tekh. Fiz23, 76—81(August 26, 199¥

A theoretical and experimental analysis is made of the optical Magnus effect in multimode

optical fibers excited by a laser beam whose wavefront has a pure screw dislocation and carries the
topological charget |, wherel is the azimuthal quantum number. It is found that the

angular rotation of the plane of propagation of a local wave depends on the magnitude and sign
of the topological charge and changes qualitatively when the circulation of the polarization

is reversed. The phase mechanism is attributed to spin-orbit interaction in the photon ensembile. It
is demonstrated experimentally that the optical Magnus effect in a few-mode fiber for the

CP;; mode at the beat length is observed as a rotation of the axis of the pure edge dislocation field
through an angle proportional to the beat length. 1897 American Institute of Physics.
[S1063-785(1®7)03108-X

The propagation of a polarized meridional local planefile, having diameteD =0.5 mm, lengthl=7 cm, and nu-
wave through a multimode fiber is associated with rotation oimerical aperturéA=0.65. The near-field pattern of the exit
the plane of propagation of the wave about the axis of symend of the fiber was projected into the plane of the screen by
metry of the fiber. In optical fibers with a parabolic refractive an f=3 cm short-focus lens. The meridional excitation of
index profile, which conserve the polarization state of thethe fiber was tuned using the pattern of the wave caustics.
wave, the plane of propagation of the wave undergoes a cifFhe angular displacementof an arbitrary wave caustic was
cular rotation, which has been described as the optical Magneasured for two successive polarization states of the light
nus effect Optical fibers with a stepped refractive index after the modulator. For givehthe angular displacement
profile do not conserve the polarization state of the wave andias then averaged for different meridional caustics.
thus the plane of propagation of a local wave oscillates about  The results of the measurements are plotted in Fig. 1 as
some arbitrary equilibrium state’ a family of curves giving the specific angular displacement

It is known that the optical vortices of an electromag-as a function of the magnitude and sign of the topological
netic wave carry an angular momentum additional to thechargel of an optical vortex of the exciting laser beam.
wave spir' It is expected that the specific rotation of the For the same directions ef andl, the angular displace-
plane of polarization of the wave carrying the topologicalmentsx increases with increasing moduliis of the topologi-
charge will respond to the magnitude and sign of the topo€al charge, whereas for opposite directionscofindl, the
logical chargd of the vortex of the exciting beam. Here we angular displacement decreases monotonically with in-
report an experimental investigation of the rotation of thecreasingl|.
wave caustic in a multimode optical fiber as a function of the A simultaneous reversal of the signsmfandl does not
magnitude and sign of the topological chatgand we also alter the nature of the curve(l) and merely corresponds to
study the characteristic features of the optical Magnus effecan angular rotation of(l) about the origin. The angular
in few-mode graded-index fibers. displacement for a Gaussian beam carrying no optical vor-

1. An experimental investigation was made of the spetex (I1=0) is typically less than that for the topological
cific rotation s of the wave caustic formed at the exit end of charge|l|=1.

a multimode fiber as a function of the magnitude and sign of  The behavior of the angular displacementf the caus-
the topological chargé of a pure screw dislocation of the tics in a multimode fiber as a function of the topological
exciting-beam wavefront. The experimental apparatus usecharge of the exciting optical field is treated physically in
in Ref. 2 was used as the basis for this study. Linearly poterms of the vector nature of the spinand orbital angular
larized laser radiation was passed through a optical polarizanomentuml of the optical vortex. The field propagating in
tion modulator, after which the polarization state varied fromthe fiber carries the component of the total angular momen-
linearly polarized to right circularly polarized at frequenciestum, which is defineti per photon asL,=(l,)/® (here
between 0.1 and 10 Hz. The modulated laser beam was inFr=*+1 is the spin number As the topological charge in-
cident on a phase transparency with a computer-generatedeases, the intrinsic angular momentum of the photon obvi-
hologram of a screw wavefront dislocation, having the topo-ously increases. This angular momentum is added to the spin
logical chargel. The computer-generated holograms wereangular momentum with allowance for the sign of the circu-
created by the technique described in Ref. 5. After the hololation of the electric vector and causes additional twisting of
gram, the light was focused onto the entry end of the fiber byhe caustics. This explains the different branches of the
a 20x microscope objective such that predominantly meridi-curves in Fig. 1 for the different signs baando. We did not
onal rays propagated in the fiber. The sample used was @btain a linear relation between the angular rotatiersnd
straight multimode fiber with a stepped refractive index pro-the azimuthal numbet. This is evidently because of the
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nonuniform distribution of the angular momentum over the 1

fiber cross sectiof,since the field in the fiber cannot be E=cos¢—0:6B2120)| o,i | -

represented as a paraxial beam and a cross term appears in

the description of the angular momentum of the field. Here the “+ and “-” signs correspond to excitation of the

2. An experimental investigation was made of the opticalfiber by right and left circularly polarized light, respectively.
Magnus effect in a few-mode fiber excited by a smoothReversal of the direction of circulation of the circular polar-
Gaussian beam. We selected a stepped-index fiber havingization rotates the axis of the pure edge dislocation through
core diameterD=3.5um, which supported the HE, the angleA $=26Bz,. These results show that the optical
HE,1, TEy; and TMy; modes. The maximum measured beatMagnus effect in a fiber is determined by the polarization
length was 3.8 m. The fiber was excited by radiation whichcorrection to the HE mode.
had been passed through a phase mask with the profile of the This work was partially supported by the International
LP,; mode to suppress the excitation of the flEhode as far Soros Program for the Support of Education in the Exact
as possible. The fiber was broken off 2 cm at a time until theSciencegISSEB, Grant N PSU062108.
pattern of the radiation field reproduced the field of thg P
mode turned through an angle of 38%ig. 289. Then the
polarization state was changed to left circularly polarized by
means of an electrooptic modulator. As a result, the radiation.s v, pugin, B. Ya. Zel'dovich, N. D. Kundikova, and V. S. Liberman,
field pattern of the mode was rotated throught2° (Fig. Zh. Eksp. Teor. Fiz100, 1474(1991) [Sov. Phys. JETR3, 816(1991)].
2b). In a few-mode fiber excited by a smooth wave, pure “A. V. Volyar and S. N. Lapaeva, Pisma zh. Tekh. FI&(8), 53 (1992
edge and pure screw disclinations of the vector field are SU3’[A\S.O\\/I: \T/iﬁgfgf’sl\'l}f;ﬁez\ggr?c??(]u. N. MitsaPisma Zh. Tekh. Fiz.
perposed to form optical vortices. It can be shown that the >qs), 32 (1994 [Tech. Phys. Lett20, 190 (1994].
field of a pure edge dislocation of the circularly polarized *B. Zeldovich, Phys. Rev. /5, 7980(199]) [sic].

CP;, mode at the beat lengthABzy=mm (where 5V. Yu. Bazhenov, M. S. Soskin, and M. V. Vasnetsov, J. Mod. Gf.
AB=—6B412, 68, is the polarization correction to the HE 985 (1992.
mode has the form: Translated by R. M. Durham

650 Tech. Phys. Lett. 23 (8), August 1997 Butkovskaya et al. 650



Parametric regeneration of spin oscillations of a thin-film ferromagnetic cavity
by microwave pumping
B. A. Kalinikos, N. G. Kovshikov, and E. A. Ospanov

St. Petersburg State Electrical Engineering University
(Submitted May 15, 1997
Pis’'ma Zh. Tekh. Fiz23, 82—87(August 26, 199Y

An experimental investigation is made of the regeneration of spin oscillation losses in a thin-film
ferromagnetic cavity by parametric pumping. It is observed that effective regeneration only

takes place in narrow frequency intervals in zones of strong dispersion near dipole gaps in the spin
wave spectrum of thin films with bounded mobility of the surface spins. It is shown that
microwave parametric pumping can substantially improve the Q factor of dipole-exchange spin
oscillations of the thin-film cavity. ©1997 American Institute of Physics.

[S1063-785(107)03208-4

The use of a four-wave process to amplify traveling spin50 um wide and 4 mm long, and a strip supply line were
waves in yttrium iron garnet thin films was recently reportedformed by photolithography. The thin-film sample was
for the first time! The authors observed the amplification of placed on top of the antenna, with the longitudinal axes of
a weak(signa) spin wave by a traveling pump spin wave of the sample and the antenna coinciding. The sample was uni-
finite amplitude. The signal and pump waves had similaformly magnetized perpendicular to its surface.
frequencies and propagated in the same direction. The carrier Spin-wave oscillations were excited by a microwave sig-
frequencies of the waves were selected to be in the strongal supplied to the prototype antenna from an oscillator via a
dispersion region near one of the dipole “gaps” in the spindirectional coupler. The pump signal was supplied to the
wave spectrum. The theoretical model proposed in Ref. kame antenna from a similar oscillator via a microwave am-
shows that the four-wave parametric process leading to thglifier. The measurements were made using a reflection sys-
amplification of traveling spin waves can also be used tdem, recording the reflected signal with a spectrum analyzer.
regenerate standing spin waves. In other words, four-wave The experiment consisted of two stages. At the first
parametric mixing can be used to regenerate the natural ostage, the spectrum of natural oscillations of the cavity was
cillation losses of thin-film ferromagnetic cavities. studied. The results of measurements of the spectra are

The aim of the present study was to make an experimershown in Fig. 1b. For clarity the experimental data are
tal investigation of the regeneration of the natural oscillationshown against the theoretically calculated spectrum of
losses of a thin-film ferromagnetic cavity by microwave dipole-exchange spin waves (Fig. 1d. The calculations
parametric pumping. As in Ref. 1, the signal and pump hadvere made using the following parameters of the experimen-
similar frequencies, situated in zones of strong spin-wavéal sample: thicknest =9 um, saturation magnetization
dispersion. My=1750 Oe, inhomogeneous exchange interaction con-

The cavity was fabricated of high-Q single-crystal yt- stanta=3.1x 10" 2 cn?, and pinned surface spin state. The
trium iron garnet film(half-width of ferromagnetic resonance calculated spectrum typically exhibits zones of “repulsion”
curve AH=0.6 Og of thicknessL=9 um, grown on a of the dispersion curves. These repulsion zones — dipole
[111]-oriented gadolinium gallium garnet substrate. The filmgaps — are formed near points of degeneracy of the funda-
used for the experiments had pinned surface spins. It wamental mode with higher-order modes having odd indites
previously shown theoretically and experimentafiyhat the  This aspect has already been discussed in some detail in
spin wave spectrum of these films has zones of strong disRefs. 2—4.
persion. These zones showed up experimentally as “dips” The experimental curve in Fig. 1b gives the relative am-
on the amplitude-frequency transmission characteristic of thelitude of the resonant oscillations as a function of fre-
microwave signal. quency. It can be seen from a comparison of Figs. 1a and 1b

The planar dimensions of the thin-film cavity were se-that the resonances corresponding to the weak-dispersion
lected as 412 mm to obtain a multiresonance spectrum ofparts of the spectrum have a higher intensity than those cor-
spin oscillations. The smaller dimension ensured that standesponding to the strong-dispersion parts.
ing spin waves — spin oscillations — were formed with The aim of the second stage of the experiment was to
closely spaced resonant frequencies. Some of the resonasitidy the regeneration of the resonant oscillation losses in
frequencies of these oscillations fell within the zones ofthe cavity, and was carried out as follows. The behavior of
strong dispersion. The larger dimension of the thin-film cav-the spin system of the sample was first studied under the
ity had almost no influence on the formation of the spectrumapplication of only one harmonic signal — the pump signal
of natural oscillation frequencies since its value was greater— while the power and tuning of the carrier signal were
than the mean free path of the spin wave. varied. In the course of these measurements we recorded

The prototype used for the investigations consisted of anodulation instability of various natural cavity oscillations
Polikor plate on which a microstrip spin-wave antennasituated in zones of strong dispersinin particular, a
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modulation instability threshol&y,=7.71 mW was obtained and the pump level was varied between low-power and the
for the resonant oscillation at;=2999 MHz, which was threshold, compensation of the losses was observed in the
subsequently selected as the working oscillation. Then b§orm of a decrease in the width of the peak. A nonlinear shift
applying two frequencies simultaneously — the signal andf the frequencyfs was also observed. The maximum regen-
the pump — we studied the change in the Q factor of theeration effect was observed when the spacing between the
natural oscillation mode when the pump power was loweredump and signal frequencies whs-f;=3.5 MHz.
below the modulation instability threshold. The selected sig-  Figure 3 gives the loaded Q factor as a function of the
nal frequencyfs was kept constanfresonant for one of the pump wave poweP,. The Q factor was determined by the
oscillation modes and the pump frequencf, was tuned usual expressioQ=fs/Af, wherefs is the resonant fre-
over a wide range. We stress that all the resonances wemgiency andAf is the width of the resonant peak at half
pumped parametrically during the experiment, but effectivepower. It can be seen that doubling the pump power in-
regeneration of the losses was only observed at the peaks ofeases the Q factor approximately seven times. The maxi-
the low-intensity oscillations whose frequencies were locatednum Q factor wasQ,,,—= 15 000. As the pump power in-
near the dipole gaps in the spin wave spectrum. In othecreased, no transition from regeneration to lasing was
words, it was observed that only those oscillation mode®bserved. The absence of lasing can be ascribed first to the
formed by strong-dispersion spin waves were effectively refairly strong coupling between the cavity and the external
generated. circuit and second to the instability established above the
Measurements of the profile of the resonant peak witlthresholdPy, .
the initial frequencyfs = 2999 MHz on application of a To conclude, a thin-film cavity of dipole-exchange spin
pump wave at the frequendy,=3005 MHz are plotted in  waves has been investigated experimentally under conditions
Fig. 2. When the signal level was maintainedPat=2.1 W  of parametric pumping at a frequency very close to the signal
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Characteristic features of low-temperature gas-discharge plasma flows
A. P. Bedin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted April 25, 199y
Pis’'ma Zh. Tekh. Fiz23, 88—93(August 26, 199Y

An investigation is made of the nature of gasdynamic anomalies accompanying the motion of
shock waves and objects in a low-temperature nonequilibrium plasma. It is shown that

these anomalies are caused by characteristic features of sound propagation in the plag®@7 ©
American Institute of Physic§S1063-785(17)03308-9

Recent investigations have revealed various characterisplitting of the shock wave into tw@a precursor and a re-
tic features in the flows of a low-temperature plasma comsidual shock wave Assuming that heated air in equilibrium
pared with flows of heated and cold air. These features inat T=1200 K, y,~1.3, it can be taken thag,=1.25. To-
clude an extension of the velocity range where subsonic flovgether with the previously determined velocity of sound in a
takes place around objects in the plasniacreased separa- plasma, this exponent can be used to calculate the ratio
tion of the shock wave head from objects travelling in theC,=C, /P in a plasma Pj=2P(/pV? is the relative stag-
plasma; reduced intensity, increased propagation velocity nation pressure behind the shock waeed in air. The re-
and changes in the structure of shock wat@shanges in  sults are plotted in Fig. 2b, which also gives the values of
the resistance of objects and so forth. C,=C,/P} for a sphere in different gases for Re1(f plot-

In our opinion, most of these characteristics are attributteq using data from Ref. 12. It can be seen that the adiabatic
able to changes in the velocity of sound and its diSperSionexponent negligibly ianuence@X/P_() (in a plasma this is

caused by relaxation processes which take place when gbserved foM >0.8). According to Ref. 12Cx/P_c') is self-

sound wave propagates in the plasma. similar in terms ofy for any objects and any numbeké
In order to determine the velocity of sound in a plasma, . Y y ob) y '
we analyze dependences of the drag coefficBas a func- Assuming that this property is also conserved for a plasma,
. ) . : . _ . and not only in the rang®l = 0.8—1.2 but also foM>1.2,
tion of its velocity V' in cold air (T.=290 K) and heated air the coefficientC,, and the drag forc&,, of the objects can

(Th=1200 K), and also in a plasmal,=1200 K, T, = 4-6 . . i e )
eV) plotted in Fig. 1a. Here and subsequently, the subscriptge estimated from their well-known drag coefficiéf in

¢, h, and p refer to cold and hot air, and to the plasma, ar, using the conversion:
respectively. All the curves are plotted at pressire 15 Cup=CrxcP§ /Py,
Torr and sphere diameter=15 mm. Curvesl and 2 were P
plotted using our results and data frgm Ref. 11 and carve XpZCxcpszF’ép/ZPéc-
was plotted using our datd.The adiabatic exponent was
taken asy,=y.=1.4. For a sphere witlv>a, we haveX,~X.T./T,. In our

On comparing the/ shift of the curvesC,=C,(V) and  caseX,~0.25X. is obtained.
knowing that the shift in cold and hot air is caused by a  For numbersv <0.7 the drag coefficient of a sphere in a
difference between the velocities of sound, it is easy to conPlasma, judging by the data plotted in Fig. 1b, is reduced
clude that the velocity of sound,,, in a plasma differs from ~2.5 times compared with that in air. This reduction is pos-
that in cold and heated aigf anda,,), wherea,<a,<a,. sibly caused by a transition through the thermal velocity of
Then, assuming thaM,=M,=M,: Cy.~C,;~C,,, the sounda;. A similar decrease in the coefficie®@, for a
velocity of sound in the plasma can be estimated. AccordingpPhere in an argon plasntapproximately half that for ar-
to the estimatesa,~1.45;, (T,=T,=1200 K, T,=4-6 gon) was identified foM numbers close to 0 in Ref. 9. Thus,
eV). Similar estimates made in Ref. 1 using the separation ofor M<0.7 the drag force of a sphere in an air plasma is
the shock wave head from a sphere yieldeg~15a, Xp~0.1X..
(Tp=Txr=1400 K, T =1-2 e\). From this it can be seen The similarity between the curve€,,/Pg,=f(M)
that in the rangd, = 1-6 eV the velocity of sound in an air and C,c/Pg,=f(M¢) for M>0.8 and also between
plasma is almost independent &f and may be taken as A, =Ay(M,) andA=A. (M), whereA is the relative sepa-
a,= 1.48,=29.7\/T. This means that the results of mea- ration of the shock wave head from the sphere, indicates that
surements of the coefficie@, of a sphere in a plasma can the stagnation pressure beyond the shock waves and the pres-
be plotted as a function of thd number(see Fig. 1b, which sure distribution over an object in a plasma and in air are
gives the curvesC,=C,(M) in cold and hot air for similar for M,=M:>1. This means that the aerodynamic
Rg,=Reg=1.2x10°M and y,=7y.=1.4). It can be seen characteristics and loads on objects passing through a plasma
from an analysis of the figure that for numbévs>0.8 the  can be estimated for giveM , and y, using the usual meth-
coefficientC, in the plasma is several times greater than inods.
air. This may be caused by a decrease in the adiabatic expo- A characteristic feature of the propagation of shock
nent, a slight increase in the plasma viscosity, and also bwaves in a discharge plasma is that they are accelerated on
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Cx.é.x b \/E
V: - _l
r" vV
whereE is the shock wave energy, is the density of the
unperturbed mediunr, is the coordinaten=1.5, 1, and 0.5,
andb = 0.4, 0.5, and 2/3, respectively, for spherical, cylin-

drical, and plane waves. Thus, in a plasma having the same
composition as cold air we have:

Vp=Vp=V\T,/Te; M,=0.678M.=0.67M,.

] 1 ! This means that formulas for a normal shock can be used
to calculate the ratios of the pressures behind the shock wave
______ P2p /P, the initial pressure®,/Pq., and the pressures
A~ 6 behind the reflected wav;,/P5. in a plasma(precursoy

o- 7 and in cold air. For the calculations the parameters of the

o-3 incident shock wave were assumed to be the same and were

- taken asy,=1.25, y=1.4. The results are plotted in Fig. 2,

0.5 b ¢ _0—->00~2—0~0fRY® which shows that the pressure behind the shock wsatatic

- and initia) in a plasma is 40-50% of that in cold air. This
result is supported by the experimental d&ta(see Fig. 2
b In relaxing media the velocity of sound depends on the
frequencyw, varying gradually ase=1/7, where 7 is the
0 1 2 3 om relaxation time'® At low frequencies this velocity is the
same as the usual adiabatic velocity of soapd whereas at
Y high frequencies, it is the same as the frozen or plasma ve-

number (b). Cy: 1 — cold air, 2 — heated air3 — plasma;C,: 4 — |ocity .. Since the shock wave propagation velocity in a

plasma,5 — air, Re =1.2x10°M, 6 — air, 7 — CO,, 8 — Ar, and P . .

9 — Freon-12 for Re- 1P (Ref. 12. medium is propornonal to the velocity of sound, t_he_ shock
wave on entering the discharge zone should split into two
waves — a high-frequency or plasma wave with the propa-

entering the discharge zone. It was shown in Ref. 4 by meargation velocity Vy~a,, and a low-frequency or residual

of calculations that the acceleration of shock waves in avave withVy~a,, giving V,/Vy=a,/a,=1.48. According

plasma is only caused by thermal effects. This conclusion i¢0 experimental daf® V,/V=1.39 for an incident wave

supported by experimental detd;®83as is readily estab- velocity V=500 m/s andV,/V, =1.43-1.6 forV=1500
lished by using the quantities measured in these studies t/s. These results for an incident shock wave=(1500 m/$

construct the ratiov_p/< /T_p, where V_p=Vp/Vc and entering a cold plasmar(=350 K) were used to calculate

T_p=Tp/Tc- In air and argon plasmas and in heated air thiSthe ratios of the static and stagnation pressure behind the

ratio is close to 1, which can only occur if the shock Waveregdgal wave and the precursor, which were 1.5 an<_j 2, re-
%pectwely. However, the ratio of the pressures behind the

propagation velocities in the plasma and in heated air are the . : .
same and obey the same I&%: residual wave and the precursor measured with an end piezo-
' electric transduc@mwas 2.5.

IR of

FIG. 1. Drag coefficient of a sphere as a function of velo¢dy and M
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