Phase formation in a nanosize silicon oxide film on the surface of aluminum oxide
V. V. Gusarov, A. A. Malkov, Zh. N. Ishutina, and A. A. Malygin

St. Petersburg State Technological Institute (Technical University)
(Submitted June 9, 1997
Pis'ma Zh. Tekh. Fiz24, 3-8 (January 12, 1998

Phase formation has been studied in a nanosize composition of aluminum oxide and silicon
dioxide. The temperature ranges for an intensive solid-phase reaction have been determined. A
mechanism is proposed for phase formation in nanosize film composition4.998
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Many mechanical, electromagnetic, physicochemicalamorphous silicon dioxide with a specific surface area of
and other properties of materials undergo appreciabld55+5 n?g. The thickness of the silicon oxide layers syn-
changes when the characteristic dimensions of objects atbesized on the surface of the aluminum oxide by molecular
reduced to the nanometer scali.is therefore interesting to  stratification was~2 nm (the layer thickness was estimated
study synthesis processes and characteristics of phase tramsing information on the thickness of the elemental oxide
formations in nanosize film compositions. layer as a function of the number of molecular stratification

Here we consider the interaction between aluminum ox<cycles taken from the literature, see Refs. 8 and 9, for ex-
ide (y-modification and silicon dioxide. The latter was de- ample. The average effective size of the Al,O; particles
posited on the surface of aluminum oxide particles by mowas ~5 nm (calculated using data on the specific surface
lecular stratification, which was first proposed in Ref. 2 andarea of aluminum oxide
described in detail in Refs. 3 and 4. Note that in the foreign  Phase formation in these compositions was investigated
literature, following on from the work of Suntola and his in an “isothermal annealing-quenching” reginfeighly ac-
group?® this method has been widely used under the termturate temperature control, with the fluctuations during an-
atomic layer epitaxyALE). In this case, as was noted by the nealing not exceeding-5 K, was achieved by positioning
authors of this terminology, the term “epitaxy” is not used the sample directly on a PR30/6 thermocouple, by using thin
in the normal concept adopted in the scientific literature, i.e.samples of~1 mm, and by using a high-precision VRT-2
not as the term introduced by L. Royter, 1928: “to denotethermocouple regulatpand under conditions of temperature
the combined orientation of crystals of different types wherrise at a constant rat&.5 K/min). In the first case, the phase
one crystal is oriented as a function of the other crystal ortransformations in the system were recorded by quantitative
which it grows.”” Rather its use is based on the literal x-ray phase analysis using a DRON-3.0 x-ray diffractometer
meaning of the word epitaxy, from the Greek “epi” mean- and in the second case, they were recorded using the results
ing “on” and “taxis” meaning “arrangement.” In this of a differential thermal analysi€Q-1500D drift indicator,
sense the use of the term “molecular stratification” has un-Hungary with x-ray phase monitoring of the state of the
doubted advantages because of its lack of ambiguity. system at points corresponding to the beginning and end of

The initial components were the modification of alu- the thermal conversion effect. The results are plotted in Figs.
minum oxide with a specific surface area of 200n?/g and 1 and 2.

a cation impurity content no higher than 0.005 wt. %, and  An analysis of these results reveals the following distin-
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° FIG. 2. Thermograms of samples. Notation:
X 2 1—3Al,03+2Si0,—Al¢Si,013; 2—
W y-AlL,O3—a-Al,05; a—nanosize film compositiofde-
scribed in text b—mixture of aluminum and silicon
oxides given for comparison.
1
b
i ) 1 J J
1000 1200 1400 1600 1800

TK

guishing features of the phase formation process in nanosizerocess in terms of the classification characteristicie
layers. At temperatures below a certain critical valuereagents and products are solids, such a chemical reaction in
T=1523 K, almost no phase changes are observed in th@ nanosize system may be considered to be liquid-phase to a
system. AtT>T, a chemical reaction is detected betweencertain extent.

the aluminum and silicon oxides to form mullite

(AlgSibO45). The reaction takes place at a rate tens and hun-

dreds of times higher than the rates typical of solid-phase

chemical reactiongFig. 1), although the range of tempera- CONCLUSIONS

tures studied is substantially lower than the melting point of  Aq 3 result of the presence of nucleating centers

fche contacting phases and th_e eutectictemper.ature. Howevgry_ AlL,O; is the closest structural analog of mulfitethe
it should be npted thgt there is a gooq corrglauon betWigen relatively high transport velocityT> T,,,), and the short
and the melting point of the two-dimensional nonautonO-yath length of the reagents in the reaction zord (1m), the
mous phaséT nz,~1500-1550 K(Ref. 10). Here we use rate of the relaxation process in this nanosize composition is

the terminology adopted in the classi_c%I thermodynamiGyne or two orders of magnitude higher than that for a solid-
studies of Defay, Prigogine, and Rusahoywhereby bulk Phase reaction in a similar mixed composition.

phases are taken to be autonomous and phases formed in the
contact zone between the solid regions of the bulk phases, This work was supported by the Russian Fund for Fun-
particularly surface phases, are taken to be nonautonomoudamental Research, Grant No. 96-01-00074.

Another characteristic feature of the phase formation in
this composition is that the kinetics of the process does not
exhibit any appreciable temperature dependencerlfoil, L o _ _ _
(Fig. 1). This behavior is evidenced by the extremely low Ehjgg‘:ﬂ% \%‘Id ;‘ipilrzgi:’o:‘ri?gﬁ'ogi?é? doaggeggggsc'ence and
activation energies, which are also not typical of solid-phasezs, |, kortsov, Abstracts of Papers présented’at Scientific-Technical Con-
reactiond* and are generally observed when reagents interactferencelin Russiafl, Goskhimizdat, Leningrad1963.
inthe liid phase in the presence of nuceating celbs. (3 foluou 2.0 m B ees L

These r_esults suggest that th_e fO_llOWIﬂg me_Chamsm may New andyl\%odified Inorganié Sorbentgol. 99, edited by A. ngrowski
be responsible for phase formation in a nanosize film com- and v. A. Tertykh(Elsevier, Amsterdam, 1996p. 213.
position. Interaction between the components in the systeniT. Suntola and J. Antson, U.S. Patent No. 4,058 @Y 7).
is only activated after melting of the two-dimensional non- thlgggvbai’gg;pitaxyeo"ted by T. Suntola and M. SimpsdBlackie,
autonomous phas&> Tz, , formed by cor_1tact between. the 7Encyclop)’edia of Earth Sciengegol. IV B. The Encyclopedia of Miner-
autonomous phases of the reagents. Since the equilibriumalogy, edited by K. Frye(Hutchinson Rose, Stroudsberg, PA, 1981
thickness of the liquid two-dimensional nonautonomous 8V. V. Fromov, Introduction to Ellipsometr{in Russiaf, Leningrad Uni-
phase aff~T,,, is comparable with the thickness of the 9‘éer;'%gissl\'/l;ee';'”gé‘?%gnge'B%' ;gg'( 1992
reagent layer in the nanosize film compositisee Refs. 10 10y \, Gusarov and 1. Yu. P%'pov” Nuovo CimentoT8, 799 (1996.
and 16, for exampleit is substantially easier for reagents to 'R. Defay,Etude Thermodinamique de la Tension SuperficiéBauntier-
be transported to the reaction zoftke diffusion coefficient ~ Vellarg, Paris, 1931 . N S
in the liquid phase is generally four orders of magnitude g'eSDoeeff‘yLi‘e';de"1zgg°9'”eTe”S'°” Superficielle et AdsorptigRditions
higher _t_han that in the $0|id phasg of th? Samesa | Rusanov,Phase Equilibria and Surface Phenomelia Russiat
compositiort’). Note that in this sense, being a solid-phase Khimiya, Leningrad(1967).
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An experimental investigation has been made of the influence of electrons and electronegative
impurities on the condensation process observed wheyy ®@ose molecules possess no

electron affinity, expands into a vacuum. ®98 American Institute of Physics.
[S1063-785(08)00401-1

Adiabatic cooling accompanying the free expansion of aaffinity between neutrals and charged particles: the proton
gas into a vacuum leads to cooling of this gas below theaffinity of water molecule$?® and the electron affinity of
saturation temperature. However, the formation of a conchlorine atom$. An estimate of the equilibrium CQcluster
densed phasglusters in the stream may not be observed if using formula(1) gives a value of the order of #0mol-
the number of collisions following the establishment of satu-ecules.
ration conditions is insufficient for the formation of critical- Here we study the influence of electrons and electrone-
size clusters. The limiting stage for homogeneous condensasative impurities on the condensation process observed when
tion is the formation of small clustefs.The artificial CO,, whose molecules possess no electron affihizxpand
introduction of nuclei into the stream may produce a condeninto a vacuum. The experiments were carried out using a
sation process under conditions where no homogeneous colow-pressure gasdynamic system. Inside the vacuum cham-
densation occurs. These condensation nuclei may be chargbedr a gas source—an acoustic noz2enm diameterwith a
particles (condensation at charges was first observed byhermally stabilized forechamber—was located on a three-
Wilsor?). From the thermodynamics point of viWhis phe-  axis stage. The flow parameters were determined by measur-
nomenon occurs because the free energy of a charged clusiag the pressure and temperature in the forechamber. The gas
has a minimum for a certain size. For saturation conditionstemperature in the forechamber was monitored with a ther-
the radius of an equilibrium cluster with charges: mocouple and was 295 K in all the experiments described

_ 13 below. A thermionic electron emission source was located in
r={(e/6ma)(e=1)/e} ™ @ the nozzle forechamber to generate charged clusters. The
where e is the permittivity of the condensed phase ants  electron emitter was a lanthanum hexaboride pellet. Under
the surface tension. Condensation accompanying the expaoperating conditions the emitter is heated by passing a cur-
sion of a stream to which free charges had been added wasnt through a tungsten filament clamped to it. The tempera-
observed at ions formed as a result of the positive energy alire of the pellet was varied between room temperature and

800 K. Thermal decoupling from a molybdenum thin-walled

holder, a ceramic insert, and additional liquid nitrogen cool-
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FIG. 1. Intensity of scattered light versus initial pressure. FIG. 2. Intensity of scattered light versus temperature of electron emitter.
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ing of the gas in the forechamber were used to achieve thecated by the arrow in Fig.)1As the temperature increases
mal conditions. A method based on Rayleigh light scatteringabove 600 K, the intensity of the scattered signal increases
was used for diagnosti€s The scattered radiation intensity by two orders of magnitude. Control experiments in which

J for a condensed-phase stream is given by: the lanthanum hexaboride pellet was replaced with copper

indicated that the observed stimulated condensation effect is
J=A|OE N;i2, 2 caused by the presence of both electrons and electronegative

impurities.

wherel is the intensity of the reference radiatidw, is the To sum up, two main results have been obtained.

concentration of clusters containimgnolecules, and\ is a 1. The introduction of free electrons in the forechamber

geometric factor which is determined from calibration ex-does not influence the condensation of G it expands in

periments using a gas of known concentration. a supersonic stream.

Figure 1 gives the scattered light intensity as a function 2. Electron-stimulated condensation of £® observed
of the initial pressure. The measurements were made on tha electronegative impurities.
axis of the stream 6 mm from the exit cross section. The To conclude, we note that charge-stimulated processes
intensity was normalized to the scattering intensigycorre-  can be used to obtain cluster streams with a narrow size
sponding to the gas concentration in the nozzle forechambedistribution function which is important for studying the
The horizontal section corresponds to expansion of the ggsroperties of clusters of a particular size and also for various
without condensation, while the increase in signal indicatesechnological applications.
the formation of clusters in the stream. The introduction of ) i ) )
free electrons when the lanthanum hexaboride pellet was NS work was partially financed by the Russian Fund
heated to the maximum emitter temperature did not lead t&°" Fundamental Research, Grant No. 96-02-19045.
any significant change in the dependence plotted in Fig. 1.
This resuilt indicates thfﬁﬂ negative g@luster ?ons do not !D. Colomb, R. E. Good, A. B. Ballegt al, J. Chem. Phys57, 3844
form under these experimental conditions, evidently because ;g5
the CQ molecules do not possess electron affinity. An elec-2c. T. R. Wilson, Philos. Trans. R. Soc. London, Ser189, 265 (1897.
tronegative impurity gas was introduced into the nozzle fore-*Yu. V. Rumer and M. Sh. RyvkirThermodynamics, Statistical Physics,

: ot - _and Kinetics[in Russian, Nauka, Moscow(1977.
chamber in order to observe charge-stimulated condensatio 5 Q. Searcy and J. B. Fenn, J. Chem. Phys5282(1974.

of CO,. For this purpose, F-4 Teﬂon was PlaCEd near thesg 3. Benhler and L. Friedman, J. Chem. PHgB.2549(1982.

heater element, which resulted in the formation of gas-phaséH. Haberland, H. Langosch, H.-G. Schindler, and D. R. WorsBapk of

electronegative fluorine and fluorocarbon radicals. Figure 2 Abstracts of the Sixth International Symposium on Molecular Beams
. . . . . Freiburg, 1983, pp. 123-125.

gives the experlmentgl dependence of the light scattering g . Smimov, Complex longin Russiai, Nauka, Moscow(1983,

the stream as a function of the pellet Femperature. The meaes, A. Novopashin, A. L. Perepelkin, and V. N. Yarygin, Prib. Tekksf

surements were made at the same distance from the nozzI;No. 5, 158(1986. _ _

edge as for the data plotted in Fig. 1. The pressure in the & M l’:'\_bozfg(ez‘g) 08~4 'E*ig’;‘gﬂﬁhe;' > A LNotllzozpzsorgz gé eP]ls’ma zh.

forechamber is & 10° Pa. Under these conditions, no ho- o "% ’ ech. Fhys. Letes :

mogeneous condensation is obsery#is pressure is indi- Translated by R. M. Durham
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Direct observation of a plastic deformation autowave in a zirconium alloy
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An analysis is made of the evolution of local deformations during the elongation of samples of
fine-grained zirconium alloy. It is established that the deformation distribution patterns

exhibit ordered behavior where the types of ordering are closely related to the stages of the
deformation curve. The results are compared with similar data from studies of the deformation
fields of single-crystal and polycrystalline materials with different types of crystal structures

and deformation micromechanisms. It is noted that all these similar results, including those of the
present study, may be interpreted using autowave representations998® American

Institute of Physicg.S1063-785(018)00501-1

The localization of plastic deformation is a serious prob-in Refs. 2 and 3 as different variants of autowave processes,
lem which can only be solved by a comprehensive analysiby analogy with those well-studied for other types of sys-
of the physics of the process. The view has long been heltems, as in Ref. 6, for example. The evolution of the distri-
that localization is the final stage of the deformation proces$ution patterns of local deformations has been studied most
and at the initial stages the plastic flow evolves as a macrazomprehensively for single-crystal samples. A traveling plas-
scopically uniform process. Current thinking, that macro-tic deformation autowave was observed in single crystals of
scopic localization of deformation begins to be observeda Cu-10% Ni—6% Sn copper-nickel alfy and in
from the yield point onward and exists in some form at allKh18N12AM2 austenitic steel containing more than 0.35%
stages of flow, has evolved from specific studies of macrolonitrogen’ Such a comprehensive range of macrolocalization
calization using increasingly accurate methods. For instancg@atterns has not been obtained for polycrystalline materials
generalizing the results of studies of single crystals and polyalthough specific types of characteristic distributions have
crystals of metals and alloys> made using speckle interfer- been identified.
ometry, has revealed the existence of three types of deforma- We studied the polycrystalline alloy Zr—-1.3% Sn—1%
tion localization characteristics, which correspond to quiteNb—0.4% Fe designed for the fabrication of fuel element
specific stages of plastic deformation. It was found that theéubes for nuclear reactors. At room temperature this alloy is
area of fluidity corresponds to the propagation of a solitarya solid solution of hexagonal close-packeairconium con-
localized deformation front, the linear hardening stage corretaining a small amouness than 1 wt. %of intermetallides
sponds to a traveling deformation wave, and the paraboliand oxides. The grain size of the matrix and the inclusions
hardening stage corresponds to a steady-state system of Mas around Sum and<0.3 um, respectively. Samples hav-
calized flow zones. All these characteristics were interpretethg a working section of 486X2 mm, cut from a tubular

o.MPa ) @7 GPa
.
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400 - 20 FIG. 1. Stress-strain diagrafh) and hardening coefficient ver-
sus strain(2) for elongation of zirconium alloy.
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FIG. 2. Space-time distribution of local elongations at
the linear deformation stage of a zirconium alloy.
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blank, were elongated using an Instron-1185 testing machindefined by the maximum Schmidt factor for glide planes
at a rate of 3.%10 ° s~ ! at 300 K. Speckle interferomefry oriented differently relative to the axis of elongation of the
was used to record the fields of the displacement vectorsingle-crystal samples.
from the yield point as far as rupture at 50 s intervas Thus, these results confirm our previous conclusions that
intervals of 0.2% total strajnNumerical differentiation with  the types of local deformation distributions observed during
respect to the coordinates was then used to calculate the digading of materials and the evolution of these distributions
tributions of the longitudinal, transverse, shear, and rotado not depend directly on the size of the objects and their
tional components of the plastic distortion tensor for allinternal structure but are determined by the behavior of the
points on the observable surface of the sample. coefficient of deformation hardening as the overall deforma-
Figure 1 gives the deformation curede) of this alloy  tion level increase$.In addition to the external similarity
and its deformation hardening coefficiedd/de = 6(¢) as a  between the effects, it is significant that the wavelength
function of increasing deformation. An analysis of the curvex ~5.5+1 mm observed for a Zr alloy is similar to those
6(e) reveals a linear hardening stagé=(const) for inte- identified in single crystals of Cu-based affm@nd in auste-
grated strains in the range 1.6—2.8%. nitic steel’ This behavior suggests that the deformation lo-
The distribution of the components of the distortion ten-calization parameters are not determined directly by pro-
sor (the local elongatior,, is shown and the other compo- cesses which take place very differently at the microscopic
nents behave similarjyat this deformation stage is shown in (dislocation level in single crystals and polycryst&lbut are
Fig. 2. Six or seven equidistant local elongation peaks can bgoverned by the larger-scalmesoscopif characteristics of
identified. The spatial periogwavelength of the process the plastic flow. It may be asserted that regardless of whether
shown in Fig. 2\~5.5+1 mm, did not vary over the entire the material is single-crystal or polycrystalline, the same
linear hardening stage. The set of localized deformationstages of ther(s) diagram correspond to the same types of
maxima moved synchronously along the sample at a constafiglds of the distortion tensor components, which provides
velocity »~3.5x107° m/s. These data show that, under fyrther confirmation that these phenom&neay be correctly

these conditions, the plastic deformation is a wave procesgssigned to a fairly universal class of autowave processes.
with the periodr=\/v~1/6X 1(? s.

A further increase in deformation destroyed the regular-
ity of the observed pattern. Following the transition to para-
bolic hardening, the sample exhibited three broad steady-
state zones of deformation localization. Then, immediately:k. v. Frolov, V. E. Panin, L. B. Zueet al, Izv. Vyssh. Uchebn. Zaved.
before rupture, a fixed local maximum of, was formed. Its Fiz. No.2, 19 (1990.
position precisely indicated the point at which a stable mac- 2v. 1. Danilov, Author’s Abstract of Doctoral Thesfin Russiai, Institute

of Physics of Strength of Materials and Materials Science, Siberian

roscopic neck preceding the viscous rupture of the sampleBranch of the Russian Academy of Sciences, Tof1905.
subsequently appeared and evolved. This evolution of the g zuev, v. 1. Danilov, and V. V. Gorbatenko, zh. Tekh. F85(5), 91
distributions of the plastic distortion tensor components is (1995) [Tech. Phys40, 456 (1995].

fairly universal and can frequently by identified in many °L.B. Zuev, N. V. Kartashova, V. I. Daniloet al, Zh. Tekh. Fiz66(11),
matenalsl -5 190 (1996 [Tech. Phys41, 1189(1996)].

5V. 1. Danilov, N. V. Kartashova, L. B. Zueet al, Fiz. Met. Metalloved.
The observed plastic deformation fronts are inclined at 7g 141 (1994

the anglex= 7r/4 to the elongation axis of the sample, which °v. A. Vasil'ev, Yu. M. Romanovski and V. G. YakhnoAutowave Pro-
is clearly determined by the orientation of the areas of maxi- Eessegm Ruf/S'?ﬂDNaUIka Mojcgwffg) Kov@roceed -
uev aniiov, an arannikovdroceedings of the

mum tangential stresses under elongation, similar to the Conference on Nitrogen SteeBliwice, Poland, 1966, p. 293.

Chernov-Liders band. It can be seen that for a sample of 8p McLean,Mechanical Properties of Meta[Russ. transl., Metallurgiya,

width d=6 mm and distributions with the spatial period Moscow, 1965.

A=~5.5+1 mm. as for a Cu-based alléyhe geometrlc con- ®Physical Mesomechanics and Computer-Aided Design of Mateddited
" T . by V.E. P R Nauka, N ibirsk199

diton A=d/tan« is satisfied. However, it is important to Y aninfin Russiaf), Nauka, Novosibirsk1993.

note that in Ref. 5 the position of the plastic flow fronts wasTranslated by R. M. Durham
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Modeling of explosive acoustic emission accompanying martensitic transformations
in alloys
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The acoustic emission accompanying the stimulation of macroexplosive martensitic
transformation kinetics in Ti—51.0 at. % Ni alloy has been confirmed. The macroexplosive
kinetics were stimulated both by repeated cycling and by incomplete quasicycling of martensitic
transformations. ©1998 American Institute of Physids$S1063-785(08)00601-4

1. The asymmetry of the acoustic emission accompanytransformation restores the initial asymmetry of the emission
ing martensitic transformations in Ti—51.0 at. % Ni alloy, (Fig. 1b).
compared with other Ti-Ni alloys with a lower nickel con- 3. In a Ti—-51.0 at. %Ni alloy a thermoelastic reversible
tent, may be described as anomalbuhis asymmetry is martensitic transformation takes place at a temperature be-
anomalous because the acoustic emission intensity for thgveen —100 °C and+20 °C (Ref. 4. When the alloy is
reverse martensitic transformation is much higtiero or-  cooled to+20 °C, aB2—R—B19' direct martensitic trans-
ders of magnitudethan that for the direct transformation. formation takes place: the temperature for formation of the
This type of asymmetry is characteristic of Au—Cd, Cu—Al-rhombohedraR phase isTg=—25 °C, and the criticaR
Ni, and other alloy£.In our previous studies we have shown —B19' transformation temperatures aks=—55 °C and
that in alloys susceptible to phase hardening, the emissiolfl=—90 °C. Heating betweer 50 °C and room tempera-
energy for the direct transformation is substantially highertture is accompanied by B19' —R— B2 reverse martensitic
than that for the reverse process and the main mechanisiansformation.
responsible for the production of acoustic emission involves  Unlike other Ti—Ni alloys, in Ti—51.0 at. %Ni alloy the
the plastic relaxation of stresses generated during the motid§Mperature ranges for the existence of the rhombohedral
of the interphase boundaty. The emission mechanism has PhaseR and the monoclini@19" phases are separate. The
not been clarified for alloys in which no phase hardeningB2— R transformation is similar to a second-order phase
takes place and the kinetics of the martensitic transformatioff@nsition and, in accordance with Refs. 5 and 6, is caused by
involves slow growth and contraction of the martensitic crys-"educed stability of the110 atomic planes to shift in the
tal. The emission mechanism for the reverse transformatiofit?Q direction and localized superpositions of atomic dis-
is not fully understood. To solve this problem, we producedplacements such 4810 (110 and{112 (111).

special experimental scenarios which can accurately repro-h Ag|tng. stFron_eg mfh:e_n(r:](_a thetma_lr_t_erlw\ls_ltlci‘l tglagr}_slfc:(;matmn
duce the dynamic mechanism of acoustic emission. characteristics in nonstoichiometric 11-INi alo olding

the 51.0 at. % Ni alloy briefly at 523 and 773 K changes the

2. The gxperlmental results obtained by recording thetransformation sequence: whereas after quenching from 1073
acoustic emission over a complete martensmctransformanoR the sequence iB2—B19, after aging this becomes

cycle (a direct transformation during cooling and a TeVers€ss 'R or B2-R—R+B19 —B19. Data obtained by

;ransfofrmatlont-durmg hegtl!)lgart(?] plotted tm F'g'_ 1.|n Fh? electron microscopy and x-ray structural analysis indicate
orm o aff:ous 1€ cu]rcvis gving e.acou':lm er|n|SS|é>n n err]]'that this behavior is caused by the formation of nickel-
sity as a unctlon_ of the process time. Also plotted are the,,i-hed concentration inhomogeneities and by localized
heating and cooling curves which can be used to Correlatﬁrecipitation of the TiNi, phase

the emission interval with the temperature interval. 4. The explosive acoustic emission accompanying a mar-
Figure 1a shows a typical acoustic curve characterizing gensitic transformation in Ti—51.0 at. % Ni alloy was mod-
martensitic transformation in Ti—51.0 at. %Ni alloy after re- gjed in two ways: L by repeated cycling of the martensitic
peated cycling. The curve is highly asymmetric: the emissioRransformation; 2by replacing complete cycling of the mar-
energy for the reverse transformation is much higher thaRensitic transformation with incomplete quasicycling.
that for the direct process. By analogy with the explosive kinetics of a direct mar-
The implementation of an incomplet@ested quasi-  tensitic transformation, for a nested quasicyoteg shall de-
cycle of martensitic transformation involving incomplete scribe the “provoked” acoustic emission as explosive. That
heating, i.e., where the reverse martensitic transformatiofy to say the situation shown in Fig. 1b is caused by a change
does not go to completion, reverses the asymmetry of thef the cycling regime and by the appearance of an explosive
emission. This is indicated by the curve plotted in Fig. 1bsection on the kinetic curve on transition from incomplete
which shows that cooling beyond the incomplete quasicyclgnested quasicycling to complete cycling. A diagragmar-
leads to emission in the direct martensitic transformatiortensitic curve of these cycles constructed using x-ray data is
whose energy is substantially higher than that for the reversshown in Fig. 2a.
transformation. A subsequent complete cycle of martensitic  The appearance of a macroexplosive section on the ki-
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1 +50
16 c
1
10? frer(Y) of the Gibbs molar potential, and discontinuity of the
178 first derivative. The jump ig,.(Y) at the instant when the
] cycling regime changes is equal ¢, within experimental
10 -100 error or more accurately, to the incremept of the acoustic
=2 s contribution®®
5. In our experiments, when the reverse martensitic
1 +50 transformation is not completed as shown in Fig. 2b, a sub-
0 240 480 t,S stantial amount of the nonchemicahainly elasti¢ energy

accumulated in the previous direct transformation is stored in
FIG. fl Fret‘,gmems °f_a°_°US“°ﬁC“fV99 O?tzi”edl for ‘fjiffe“:m fT:?‘”te”Sit]jC the structure of the alloy. Thus, the direct transformation
e e epeated cies ol Marer il LSl following an incomplete reverse transformation takes place
the next complete cycle of martensitic transformation after an incompletdn @ matrix with a higher level of internal stresses, causing
quasicycle. Temperature cur(®). the microkinetics of slow growth of the martensitic crystal to
be replaced by a microexplosive process already accompa-
nied by induced explosive acoustic emission.
netic (Fig. 23 curve is deduced from the quasiequilibrium This conclusion agrees with other data. It has been
description of the martensitic transformation and the thermoshown that under the application of an external load, the
dynamic analysis of acoustic emissidtf. kinetics of both direct and reverse martensitic transforma-
The condition for the quasiequilibrium state has the formtions resemble an explosive procéssdoreover, when the
external stress is removed, the martensitic transformation
9(T,Y)=0cn(T) +Gne T,Y), (1) cycles are accompanied by a spontaneous return of
where gey(T) = — (9f /YY) and gne(T,Y) = — (If nen/ 9Y) deformatiort? which is caused by changes in the kinetics of
are the chemical and nonchemical contributions to the drivthe reverse martensitic transformation under the action of an
ing force of the martensitic transformatigT,Y), T andY  orienting stress and by conservation of the conditions for the
are the temperature and fraction of the martensitic phasdormation of orienting internal stresses in the absence of ex-
respectively. On the graph @,, (—9n) versusY, this  ternal stress.
equation uniquely describes a quasiequilibrium-state line, Internal stresses appear when self-accommodating
consisting of stable sections where the conditiongroups of martensitic crystals are formed. The last plate in an
Ocht Onen= 0 is satisfied, and unstable sections correspondensemble of crystals accumulates the highest possible elastic
ing to above-barrier microexplosions of the athermal martenstresses. This last plate is the first to disappear when the sign
sitic  transformation process, where the conditionof the external action is reversédiwhich suggests that the
Oent 9ner= Op IS satisfied. Hergp is the dissipative contri- elastic energy accumulated in the course of a direct marten-
bution to the quasiequilibrium state equatitime equation of  sitic transformation contributes to the driving force of the
balance of the driving forcgsChanging the cycling regime reverse martensitic transformation. At the same time, the first
leads to the appearance of nonmonotonicity on the curvenartensitic plate will be the last to disappear under condi-
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tions of minimum(or even zerpelastic energy at tempera- noted that the microkinetics must be understood not only as
ture A (Ref. 14. the spontaneous formation of a martensitic crystal of finite
During martensitic transformation cycles in nonstoichio-size but also as a sequence of spontaneous displacements
metric alloys orienting internal stresses may be produced as@mps of the interphase boundary. The only difference is in
result of the formation of concentration inhomogeneities andhe scale of the jumps.
particles of a different phase. This situation is particularly =~ To conclude, in alloys not susceptible to phase harden-
typical of the Ti—-51.0 at. % Ni alloy in which a martensitic ing, of which Ti—51.0 at. % Ni is one, a martensitic transfor-
transformation is accompanied by a high reaction energymation is accompanied by explosive acoustic emission which
which may increase the local diffusion mobility of the atoms.indicates that the appearance and disappearance of the mar-
The first martensitic transformation cycle promotes the for-tensitic crystals obeys microexplosive kinetics. The macro-
mation of a spatial inhomogeneity configuration and subsescopic kinetic effect consists in the spontaneous and corre-
guent cycles merely intensify this effect. In addition, the tra-lated formation of numerous martensitic crystals. The
jectory of the next martensitic transformation cycle mustmechanism for the formation of emission caused by this ki-
repeat the previous one. Thus, the transition of the system toetics will be described as dynamic. Acoustic emission dur-
a state with an explosive reverse martensitic transformatioing heating is produced for bo#19 — R andR— B2 trans-
is a natural consequence of the evolution of the structure. formations. A change in the cycling regime and cooling
Under the action of orienting internal stresses, the apbeyond the limit of an incomplete quasicycle leads to a
pearance and particularly the disappearance of martensitgingle explosive acoustic emission process during a direct
crystals will obey microexplosive kinetics. The experimen-martensitic transformation.
tally observed motion of the interphase boundary in
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A theoretical analysis is made of the evolution of the defect structure in silicon carbide

(6H-SIQ implanted with N* and Al* ions of various energies. Satisfactory agreement was
achieved between the calculated defect distributions and the experimental data. The following
kinetic parameters of silicon carbide were estimated numerically: the migration energy of
interstitial silicon atoms and the recombination parameters of vacancies and interstitial sites in
the carbon and silicon subsystems. 1©98 American Institute of Physics.
[S1063-785(108)00701-7

The quasibinary system (SiC),(AIN), is of consider- 1. The AI' and N ions interact with the SiC crystal
able interest for the development of optoelectronic and highlattice to form interstitial sitesij and vacanciesy) in both
temperature devices and is currently perhaps the most pronsubsystems of the materiedarbon—C and silicon—S(the
ising material for these applications. One method ofrelative concentrations a@(r,t), C,c(r,t), Cig(r,t), and
preparing this solid solution involves ion implantation of sili- C,¢(r,t), respectively.
con carbide. In Ref. 1 we reported experimental investiga- 2. The implanted Al ions occupy vacancies in the sili-
tions of the structure of (SiG) (AIN), samples obtained con sublatticé while the N" ions occupy vacancies in the
by ion beam synthesis. Each sample was bombarded by iorsirbon sublatticé (the relative total concentration of both
in the following sequence: first by 65 keV nitrogen ions at aions isC(r,t)).
dose of 510 cm 2, then by 120 keV nitrogen ions at 3. During the irradiation process interstitial carbaT)
1.3x 10 cm™2 This was followed by 100 keV aluminum and silicon {S) atoms may diffuse and recombine with their
ions at a dose of 5 10 cm=2 and 160 keV aluminum ions vacanciesvC andvS).
at 1.3x 10'" cm™2. The substrate temperature was 200, 400, 4. The vacancies and implanted ions are assumed to be
600, and 800 °C, respectively. After implantation thefixed because)ahe vacancies have a high migration activa-
samples were investigated by Rutherford backscatterintjon energy(see Ref. 9and b a comparison of the Nion
spectroscopy with channelif@BS/C using a 1.4 meV He  doping profiles in SiC calculated using DYTRIRRefs.
ion beam, and the RBS spectra were processed using a sge-3 and those obtained experimentalsee Fig. 1b in Ref.
cially developed computer program capable of giving the3) reveals that these ions do not diffuse at the temperatures
depth distribution of the structural defedsee Refs. 2 and used(we assume that this also applies to"Abns).

3). The TRIRS and DYTRIRS cod&€ were used to calcu- 5. Carbon {C) and silicon (S) interstitial sites form
late the ballistic distributions of the implanted ions and de-complexes consisting of two carbon or silicon interstitial
fects. The ballistic distributions of the'Nand Al* (DYTR- sites(the relative concentrations a@(r,t) andC,(r,t)).
IRS) (see curve labeled “ijons Nand AI"” in Fig. 1 and On the basis of assumptiofis)—(5), we write a system
Fig. 1a, curvel from Ref. 3 and the total defect distribu- of rate equations for these concentrations of point defects
tions (Fig. 1a, curve2, from Ref. 3 were obtained in Refs. 2 which depend on the depthand timet:
and 3.
In accordance with Fig. 1a from Ref. 3 and Ref. 2, we ~ 9Cic(T,t) _ B
T ———=0ic(r,t) =D;jcACc(r,1)
select two large regions in terms of depth< 120 nm and at
r>120 nm, to simplify the description of the physical
changes. This division was introduced for the following rea- = pcDicCic(r,H)Cpc(r,t)
sons. First, in the region>120 nm the defect distributions — a’iCDiCCiZC(rvt): )
after irradiation at 400, 600, and 800 °C exhibit almost the
same behavior: for 120r <270 nm the dependence on dC,c(r,t)
may be neglected and far>270 nm the concentration of T=gvc(r,t)—g,\|(r,t)
RBS scattering centers is almost the same for samples irra-
diated at different temperatures. Second, in the region = pncDicCic(r,t)Cye(r,t), v
r<<120 nm all three irradiated samples behave differently, as
is reflected in the defect distributions. dCig(r,1)

We propose the following modelto describe the pro- at
cesses taking place when SiC is irradiated by Ahd N 2
ions at temperature of 400 and 600°C in the region —psDisCis(r,t)Cys(r,t) — @sDisCid(r ),
r>120 nm. 3

=gis(r,t) —DisACi«(r,1)
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dC,4(r,t) r<<120 nm suggest that they are mainly determined by re-
ot Gus(n)—ga(r) combination of vacancies and interstitial sites. This is evi-
denced by the concentration minimum at 800 °C which is
— usDisCis(r,H)Cys(r, 1), (4) equal to the concentration of implanted iofsee Fig. 1a in
dCac(r,t) , Ref. 3. Assuming that defects from deeper layers of the
0 = a;cD;cCie(r,1), (5) material may diffuse into this region, the concentration of
intrinsic defects would not reach zero.
dCydr,1) ) 2) Cy(r t)|;—..=0—the concentrations of defeqtsiC,
o~ isPisCisn b, ® s are zero an infinite depth.
The systen{1)—(7) describing the evolution of defects in
ac(r,t) ) 5 SiC irradiated at 400 and 600 °C was solved numerically on
gt~ Inalnb. ™ an IBM PC using the MGEAR program.

The calculated distributions of these defect concentra-
tions after irradiation at 400 and 600 °C are plotted in Fig. 1,
where they are compared with the profiles calculated from
flux denSity of the incident ions?l(r) are the depth distri- the RBS datdsee Ref. ;B It can be seen that the theoretical

butions of defects 1 generated by a single incident ion, deresults agree satisfactorily with the experimental data. Some
termined by TRIRS calculatioAgthe total profiles for all difference between the calculated and experimental results is

defects allowing for dose and neglecting recombination ar@served for 120 nrir <200 nm, possibly because pro-
plotted in Fig. 1a, curv@ in Ref. 3; u, is the recombination ~Cesses typical of the surface regian(120 nm), which we
parameter of vacancies and interstitial sites inxreC, S  &re not considering, begin to play an important role in this
subsystemD; =Dy exp(—&{"/kT) and &]" are the diffusion ~2ON€-

coefficient and migration activation energy of interstitial car- ~ Some of the kinetic parameters used in EG8—(7)
bon or silicon atomgj=iC, iS), e"=1.47 eV(Ref. 9, and ~ Were varied in the calculations. The best agreement between

since the value o£[L is not known from the literature, it was the calculated and experimental profiles was obtained for the
varied during the calculationsDy; =102 cn?-s™%, and following values of these parameters:

Hereg(r,t) is the rate of generation of the appropriate
defects (I=iC, iS, vC, vS, Al, N) under irradiation
g,(r,t)=JP(r), whereJ=6.24 cnt-s ! (Refs. 1-3 is the

aj~4ma (j=iC, i9) is the complex formation parameter of —mmigration activation energy of interstitial silicon at-
the appropriate defects, wheae=2 A is the average inter- 0mMsegg~1.55 eV,
atomic spacing in SiC. —recombination  parameters for C and Si

Since the initial sampleefore irradiationare assumed uc~4m-10"*?cm andlfs*477'10710 cm. .
to contain no defects, the initial conditions for the concen- It was also found in the course of the calculations that
trations will be C,(r,t)|,—o=0, wherel=iC, iS, vC, vS, the constrainC(r,t)<0.2(k=2C, 29 must be imposed on

Al, and N. the complex concentration.
The boundary conditions for the mobile defeg¢tsiC, To sum up, we have proposed a physical model for the
iS are as follows: evolution of the defect structure in 6H-SiC implanted with

1) 9Ci(r,t)/dr|; 120 =0, i.€., it is assumed that there N™ and Al" ions for defect doping depths>120 nm and
is no flux of diffusing defects at the boundary=120 nm.  defect distributions in the material were calculated for
This condition is chosen because the concentration profiles at>120 nm. Satisfactory agreement was achieved between
irradiation temperatures of 400, 600, and 800 °C forthe calculated and experimental results. Some kinetic param-
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Efficient x-ray converters
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Pis'ma Zh. Tekh. Fiz24, 45-48(January 12, 1998

The Monte Carlo method is used to investigate the efficiency of conversion of the energy of low-
energy electrons into x-ray radiation energy and it is shown that the characteristic radiation
makes an important contribution to the energy absorbed by thin films undergoing radiation
treatment. Selecting the converter material and thickness on the basis of the calculations

can increase by a factor of 2-5 the radiation energy absorbed in thin films of semiconductor
materials. ©1998 American Institute of Physid$S1063-785(18)00801-5

The laws governing the generation of bremsstrahlunglectron energy varied between 50 and 500 keV. The con-
observed when high-energy electrons are stopped in a targeerter thickness was optimized for the total yield of radiation
have been comprehensively studied experimentally andnergy and a graphite plate of suitable thickness was posi-
theoretically*? High-Z materials(tungsten and tantalunare  tioned behind the converter to absorb the outgoing electrons.
usually used at these energies to give the maximum brems- The important role of the characteristic radiation behind
strahlung yield. However, when low-energy electrons areconverters with different atomic numbeZscan be deduced
stopped, an appreciable fraction of the energy may be emifrom the data presented in Table I. It can be seen that up to
ted in the form of characteristic radiation which is generatednitial electron energie€,=100 keV, the total yield of x-
as a result of the photoabsorption of secondary photons ardy radiation energy behind copper converters is higher than
by electron impact ionization of the inner atomic shells.that behind tantalum converters. In this case, the contribution
Since the cross section of the second process increases with the characteristic radiation exceeds 50% for copper
decreasingZ, x-ray radiation may be generated highly effi- whereas it is an order of magnitude lower for tantalum.
ciently in low-Z materials. The results of the calculations for silicon films exposed

This factor must be taken into account in the radiationto x-ray radiation from electrons having an initial energy of
treatment of thin films and foils, whose efficiency is gov- 500 keV are plotted in Fig. 1. The calculations showed that
erned not only by the total radiation energy, but also by itshe choice of converter material depends on the foil thickness
spectral composition. In order to optimize the irradiationand on the initial electron energy. For example, for
conditions and select efficient x-ray converters for the pro£y,=500 keV copper converters should be used to process
cessing of thin films, we used a program which simulates théhin silicon films [@<<100 xm) whereas molybdenum con-
evolution of the electron-photon cascade in the converter,
and the absorption of radiation by the film material using the
Monte Carlo method. A variant of the programhich al- 025
lows for the generation of characteristic radiation as a result
of ionization of theK-shell by bremsstrahlung quanta and
electrons, was developed to calculate the spectral distribution 0.20
of the radiation behind the converter. The cross section for
electron impacK ionization was taken from Ref. 4.

In order to study the optimum conditions for radiation 0.15

e . >
treatment of thin films, we calculated the absorbed energy in @
thin films of semiconductor materials for converters with dif- o
ferent atomic numberZ=29, 42, 57, and 73. The initial 010
TABLE |. Energy of outgoing photons behind a converter of optimum 0.05
thickness(keV) and fraction of characteristic radiatid®) (The results are
normalized to a single incident election
0.00
Ep, keV Cu Mo La Ta
d, pm
50 0.098 0.0608 0.0516 0.060
69 40 16 0 FIG. 1. Energy of x-ray radiation absorbed in a layer of silicon as a function
100 0.235 0.224 0.221 2.43 of its thickness and the converter material for an initial electron energy
54 34 16 5 E,=500 keV. The solid curves give the calculations for unprotected films
500 2.26 3.10 4.08 5.08 and the dashed curves gives those for films coated with aus0€hick layer
5 8 9 8 of SiO, (the results of the calculations are normalized to a single incident
electron.
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verters are most efficient for thick films (1€@< 500 xm). The calculations have shown that molybdenum convert-
The figure shows that the energy absorbed by a silicon film i€rs should only be used for the treatment of very thin ger-
approximately twice that for conventional tantalum convert-manium films @<20 um) and lanthanum converters are
ers. The calculations indicate that for lower initial electronmore  efficient for films of moderate thickness
energies copper converters are the most efficient, giving £20<d<200 um).
five-sixfold improvement in absorbed energy compared with
tantalum converters foEy=100 keV.

The coatings frequently used to protect semiconductor
films, such as the active elements of solar cells, play a sig+; . Halbleib, G. J. Lockwood, and G. H. Miller, IEEE Trans. Nucl. Sci.
nificant role in redistribution of the absorbed energy. In Fig. NS-23 1881(1976.
1 the dashed curves give the results of calculations of theV: V. Ryzhov and A. A. Sapozhnikov, Proceedings of the Ninth Interna-
energy absorbed by a silicon film coated with a 08 thick }:]Ogrlﬁlnfzggeizgcz‘? Sgll'g?giol";grgff;%‘f Beams, “Beams-92", Wash-
SiO; layer. This figure shows that molybdenum foils should 3y, gespalov, S. D. Korovin, V. V. Ryzhov, and 1. Yu. Turchanovsky,
be used as converters in experiments to study the action ofProceedings of the Tenth International Pulsed Power Conference, Albu-
x-ray radiation on elements of solar cells. These convertersauerque, NM, 1995, Vol. 1, pp. 75-79.
are 1.3-2 times more efficient that conventional tantalum - Kolbenstvedt, J. Appl. Physi8, 4785(1967.
converters. Translated by R. M. Durham
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Low-threshold quantum-dot injection heterolaser emitting at 1.84 pm

V. M. Ustinov, A. R. Kovsh, A. E. Zhukov, A. Yu. Egorov, N. N. Ledentsov,
A. V. Lunev, Yu. M. Shernyakov, M. V. Maksimov, A. F. Tsatsul'nikov, B. V. Volovik,
P. S. Kop'ev, and Zh. I. Alferov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted August 12, 1997
Pis’'ma Zh. Tekh. Fiz24, 49-54(January 12, 1998

The use of InAs quantum dots in an InGaAs matrix lattice-matched with an InP substrate can
appreciably increase the emission wavelength of quantum-dot lasers. Lasing via quantum-

dot states at the 1.84m wavelength(77 K) was obtained for the first time at a threshold current
density of 64 A/crd. © 1998 American Institute of Physid$1063-78508)00901-X]

The use of zero-dimensional objects—quantum dots—the InGdAl)As layers and 5 nm/min for the deposition of
can substantially enhance the characteristics of semicondutnAs in the active region. The structure was grown under
tor lasers- The spontaneous transformation of an elasticallyarsenic enrichment conditions.
strained layer into an array of three-dimensional islafids Stripe lasers 10um wide were formed in a “shallow
was used to develop arrays of quantum dots in the activenesa” geometry. The ohmic contacts with {hé-layer were
region of an injection laséYlt was observed that these lasers made of Ti/AuZn/Ni/Au alloys and those with the"-InP
exhibit a low threshold current densit@5 Alcn? at 77 K,  substrate were made of Au:Te/Ni/Au. Tipé -InGaAs con-

65 Alcn? at 300 K) (Ref. 5 and the threshold current pos- tact layer outside the stripe was etched with an(@30 eV)
sesses enhanced temperature stabildlyaracteristic tem- ion beam. The mesastructure was passivated chemically and
peratureT,>400 K) compared with quantum-well lasers, as was protected with a 0.2zm thick Al,O5 layer by reactive

has been predicted theoreticallyn addition, cw lasing was magnetron sputtering. The electroluminescence was mea-
achieved via the ground state @h, GaAs quantum dots at sured in the pulsed mode at 77 K at a frequency of 5 kHz and
room temperaturé® a pulse length of lus. Structures with the upper contact

It has now been shown that the emission wavelength ofayer removed were used to study the photoluminescence,
InGaAs quantum dots grown on GaAs substrates has a longvhich was excited by a semiconductor GaAs laser and re-
wavelength limit of 1.27-1.3um (Refs. 7 and 8and lasing  corded with a cooled InSb photodiode. The excitation power
has been observed in the spectral range 0.9l How-  was 100 W/crA
ever, for many practical applications, especially in fiber-optic A transition from two-dimensional to three-dimensional
communication systems and monitoring of environmentalnAs growth was observed directly during the growth pro-
pollution, the emission wavelength must be increased to theess from the streaky reflection high-energy electron diffrac-
middle infrared. tion (RHEED pattern. Transmission electron microscopy

We have already shown that progress in this wavelengtidata'° confirm that three-dimensional strained islands are
range may be achieved by using arrays of InAs quantunfiormed in the active region. The average base diameter of the
islands in a lgs5Ga 47/AS matrix grown on an InR100 islands is approximately 50 nm with a height of approxi-
substrat€. The longer emission wavelength compared withmately 4-5 nm.

(In, GaAs quantum dots in a GaAs matrix is mainly attrib- The threshold current density in a 1.25 nm long stripe
uted to the use of a narrower-gap matrix. The longest wavelaser was 64 A/cf) which is comparable with the best
length reported was 1.94dm (77 K). threshold current densities of lasers whose active region is

Here, we report for the first time the attainment of 1.84formed by InGaAs quantum dots grown on GaAs substrates.
um lasing via the state of InAs quantum dots in dn,  The lasing wavelength was 1.84m, which substantially ex-
Ga)As matrix lattice-matched with InP. ceeds the wavelengths achieved previously in lasers whose

The laser structure shown schematically in Fig. 1 wasactive region is formed by quantum dots in(Al, Ga)As
grown by molecular-beam epitaxy with a solid-state, As matrix on GaAs substrates.
source in a Riber 32P machine. A 0.am thick Figure 2 shows electroluminescence spectra at pump
Inos8Ga 4 As waveguide layer was grown directly on a current densities of 13 and 70 A/émwhich corresponds to
n*-InP (100 substrate which served as the lower emitter. At0.2 and 1.1 . For comparison Fig. 2 also shows the pho-
the center of the waveguide layer there were three layers dbluminescence spectrum for a low level of excitation
InAs quantum dots separated by 5 nm thick JiSa, sAs  (~100 W/cnf). We showed in Ref. 9 that this photolumi-
spacer layers. The effective thickness of the deposited InAsescence line is attributable to radiative recombination of
in each cycle was 7 ML. The upper emitter was formed by anonequilibrium carriers via quantum-dot states. The line pro-
1.5 um p*-layer of In,5Alp4eAS. The structure finished file is determined by the size spread of the islands. A com-
with a 0.6 um thick p* contact layer of Igs{Ga, 47AS. Be-  parison between the photoluminescence and electrolumines-
ryllium was used as thp-type dopant. The entire structure cence spectra indicates that the lasing line falls within the
was grown at 500 °C, and the growth rate was 10 nm/min fofuminescence band of the quantum dots. Thus, lasing takes
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Influence of low-temperature annealing on the properties of Y 1Ba,Cu3z0;_ thin films
Yu. N. Drozdov, S. A. Pavlov, and A. E. Parafin

Institute of Physics of Microstructures, Russian Academy of Sciences, iNlidvgorod
(Submitted May 23, 1997
Pis'ma Zh. Tekh. Fiz24, 55-58(January 12, 1998

The influence of annealing at 180 °C on the structure, critical temperature, and electrical
resistivity of Y;Ba,Cu;O;_ 5 thin films has been investigated. It is shown that films grown at
reduced temperatures are sensitive to this annealing, which can substantially alter these
film parameters. ©1998 American Institute of Physid$$1063-785(18)01001-5

For a long time after the discovery of,Ba,Cu;0;_5s  perature at an oxygen pressure of 100 kPa for 30 min.
(YBCO), it was assumed that the maximum superconducting  The resistivity of the film was measured by a four-probe
transition temperatureT() is achieved for§=0, i.e., for = method, for which silver contacts were deposited on the film
complete oxidation. More detailed studies of YBCO at 6w by thermal evaporation to provide a stable low contact resis-
have shown that there is an optimum valite 0.1 for which  tance. The temperatuiie, was determined from the point of
T. has a maximum, and in the rangez0.1 YBCO is “over-  zero resistance of the film. The structure was analyzed and
oxidized” and T, is several degrees below its maximdm. the latticec period was measured by an x-ray diffraction

Gavaleret al? studied the influence of oxygen content technique using a DRON-4 diffractometer.
on the properties of YBCO thin films and they showed that, = The films were annealed at 180 °C in an oxygen atmo-
as in bulk samples, maximuf; is achieved for a certain sphere at a pressure of 10 Pa in 10—20 min steps . The film
optimum oxygen content. The oxygen content was controllegharameters were determined after each step. Figure 1 shows
by low-temperature annealing. In this context, an annealinghe change in the critical temperatufe and the latticec
temperaturel, around 400 °C, which is substantially lower period as a function of the resistivipy oo measured at 100 K.
than the growth temperaturé§00—700 °Q, is taken to be The value ofp,qqincreased monotonically so that the points
“low.” on the graph have a sequence of annealing cycles.

Our investigations have shown that epitaxial layers of It can be seen thal. increased at the initial annealing
YBCO may be sensitive to annealing aboV¥g<200 °C. stage, 5 K after two steps, and then decreased to the
Moreover, by using such low temperatures, we were able tboiling point of nitrogen after seven steps. The latiicpe-
make a detailed study of the changesTip, the electrical riod increased linearly. The temperatufg has a parabolic
resistivity, and the lattice periodc” as a function of the dependence oy, similar to the data for YBCO single
annealing time. crystalst

The films were prepared by sputtering a YBCO ceramic ~ We analyzed these data using empirical relations linking
target with excimer laser radiationn €248 nm,7=27 ng.  the latticec period to the concentratiop of conduction
The pulse energy density was 10 Jfcand the repetition holes in the Cu—O plane per Cu atdrh:
frequency was 50 Hz. The growth rate under these condi- _
tions was 0.01 nm per pulse. The films were deposited on p=0.187-0.215, @
single-crystal NdGa@ substrates at a growth temperature c=1.2771+0.0155%, 2)
T4=620 °C. The film thickness was 100 nm. The film for-
mation process concluded with natural cooling to room temWherex=7-24.
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FIG. 1. Critical temperatur& (1) and latticec period(2) as a function of
the resistivity p,gg 0f @ YBCO film during annealing at 180 °C and an FIG. 2. Critical temperatur&_. versus concentratiop of conduction holes
oxygen pressure of 10 Pa. Al§Q (3) andc (4) after annealing at 550 °C  in Cu—0 plane per Cu atom. The solid curve gives the depend@der
and an oxygen pressure of 100 kPa. T emax=88 K.
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Thep values calculated from formul&$) and(2) can be  to the initial one(see Fig. 1 by annealing at 550 °C in an
used to compare our experimental data with the universabxygen atmosphere at a pressure of 100 kPa for 25 min. This
dependence of the reduced critical temperalyél ., 0N result confirms the role of oxygen in the observed processes.
the concentration of conduction holes for high-temperature It should be noted that our films obtained at growth tem-
superconducting cupratés: peraturesTy=700 °C, as in Ref. 2, do not exhibit any

_ > “overoxidized” state with reduced .. This behavior evi-

Te/Tema=1-82.8p=0.167 © dently arises because the hole concentration and related
The results are plotted in Fig. 2. The solid curve gives theare determined not only by the oxygen content but also by
dependencé3), whereT.,,.»x=88 K. It can be seen that the other factors.
experimental points are a good fit to the universal curve. It  This work was supported by the Russian Fund for Fun-
can thus be assumed that the formullisand (2) obtained damental ReseardiGrant 9602-16993 the Integral Project
for bulk samples are also valid for our films and the observe®5043 of the Superconductivity Section of the State Program
changes il and the latticec period during annealing are “Current Trends in the Physics of Condensed Media,” and
caused by a reduction in the oxygen content in the YBCCoy INTAS Grant 943912.
structure.

It is interesting to_ note that i_ncrea_lsing the oxygen pres-, , Claus, U. Gebhard, J. Linket al, J. Phys. C3&4, 271 (1992,
sure to 100 kPa during annealing did not alter the curves; r. Gavaler, J. Talvaccio, R. W. Weinett al, IEEE Trans. Appl. Su-
plotted in Fig. 1, although the changes took place over a percond5, 1173(1995.

Ionger time compared with the annea"ng at 10 Pa. ZJ. R. Tallon, C. Bernhard, e_md_ H. Shaked, Phys. Re9¥1B12911(1995.

The changes in the film were reversible: we could trans- M. Ohkubo, T. Kachi, T. Hiokiet al., Appl. Phys. Lett55, 899 (1989.

fer the film from a final state witd' ;<77 K to a state close Translated by R. M. Durham
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Transport of electronic excitation energy in solid-state glassy phosphors activated with
europium (lll) and copper (II)

I. M. Batyaev and A. M. Tinus

A. |. Gertsen Russian State Pedagogical University, St. Petersburg
(Submitted June 26, 1997
Pis’'ma Zh. Tekh. Fiz24, 59-61(January 12, 1998

A phosphor based on potassium aluminosilicophosphate glass activated with eutbpjuand
copper(ll) has been synthesized. It has been shown that the europium luminescence is
quenched by copper ions in the glass. 1©®98 American Institute of Physics.
[S1063-785(108)01101-X]

Reports of the production of new lasing crystals are notwere used to prepare the charge. Europium was introduced in
halting development work to improve the base materials othe form of the oxide ExD; and copper was introduced as
laser glasses. Despite the wide range of laser glasses of vartre oxide CuO. The concentration of activator ions was 5
ing composition, the development and study of new glasswt. % for europium and 0.1 wt. % for copper.
forming materials with specific physicochemical and spectral ~ The electronic absorption spectra were recorded using an
luminescence properties is still topical. The problem of im-SF-20 spectrophotometer. The luminescence spectra were re-
proving the energy efficiency of solid-state phosphors hasorded with an SDL-1 spectrometer using arlJ-&2 photo-
attracted particular attention. One method of solving thismultiplier. The luminescence was excited by an LGI-21 ni-
problem involves using nonradiative energy transport by introgen laser Xg=337 nm).
troducing various sensitizers into the matfiX.However, as Figure 1 shows that the bands in the luminescence spec-
well as sensitizers, there are also luminescence quenchingum of europium(curveA) and the absorption band of cop-
agents whose presence completely or partially suppresses ther (curve B) are superposed, which suggests that the lumi-
luminescence of the required ion. It is therefore important tcnescence of the europiuftll) ions may be quenched by the
identify these quenching agents in order to avoid combiningopper(ll) ions. This conclusion was confirmed by studying
these with a luminescence activator. the luminescence spectra and the decay kinetics of the eu-

Here we investigate the interaction betweerEand  ropium luminescence in glass doped only with*Hans and
CW" in potassium aluminosilicophosphate glass. Trivalenin glass doped with both Eti and Céd" ions.
europium is first, a luminescence activator for which lasing  In the luminescence spectrum of the glass coactivated
has been achievéd and second, is widely used as an opti- with both EF™ and C@" ions the relative intensity of the
cal probe to study the structure of many materfals. europium luminescence band is reduced approximately 1.5

Silicon oxide, potassium metaphosphate, and aluminuniimes.
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FIG. 1. Luminescence spectrumA) of potassium aluminosilico-
0.50 + phosphate activated with Bl and absorption spectrunB) of
0.10 potassium aluminosilicophosphate activated witif'Cu
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An analysis of the luminescence decay kinetics revealed Transfer in Condensed Matt¢North-Holland, Amsterdam, 1982Russ.
that the average excited-state lifetime of the*Eions was original, Nauka, Moscow, 1978

; ; 3N. E. Alekseev, V. P. Gapontsev, M. E. ZhabotirisE. V. Kravchenko,
reduced from 2.5 to.38.ﬁs I.n the presence of ¢u Igns' and Yu. P. Rudnitskj Laser Phosphate Glassds Russian, Nauka,
To sum up, the interaction between®wand Cd* has  yoscow(1980.

been investigated for the first time in glasses and is observednN. c. Chang, J. Appl. PhyS4, 3500(1963.

as quenching of the europiuflil) ion luminescence in the ZA- Lempicki and H. Samelson, Phys. Le#t. 133(1963.
resence of co t)) ions. . M. Batyaev, Usp.‘ Khim40, 1333(1972). _

P ppet) "Laser Handbookedited by A. M. ProkhoroyRuss. transl. with changes

and additions, Sovet-skoe Radio, Moscow, 1978

V. L. Ermolaev, E. N. Bodunov, E. B. Sveshnikova, and T. A. Shakhver- 8y, F. Zolin and L. G. KorenevaRare-Earth Probes in Chemistry and
dov, Nonradiative Transport of Electronic Excitation Energy Russiard, Biology [in Russian, Moscow(1980.
Nauka, Moscow(1977).

2V. M. Agranovich and M. D. GalaninElectronic Excitation Energy  Translated by R. M. Durham
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Use of AL307 light-emitting diodes as photodetectors for diagnostics of femtosecond
light pulses

V. |. Baraulya, S. M. Kobtsev, and A. V. Korablev

Novosibirsk State University
(Submitted June 24, 1997
Pis’'ma Zh. Tekh. Fiz24, 62—65(January 12, 1998

A nonlinear electrical response has been observed for the first time from AL307 light-emitting
diodes exposed to femtosecond light pulses. When used in an unconventional fashion as
unbiased photodiodes, these AL307 light-emitting diodes give an electrical response proportional
to the square of the recorded radiation intensity of ultrashort light pulses. Autocorrelation
functions are given for femtosecond pulses obtained using AL307 light-emitting diodes in the
autocorrelator instead of the conventional photodetector and nonlinear crystal system.

© 1998 American Institute of Physid$1063-785(108)01201-4

An AlGaAs light-emitting diodgLED) used as an unbi- radiation prefocused by a spherical lens of 35 mm focal
ased photodiode to record optical radiation, may give a nonlength.
linear electrical response proportional to the square of the 2. With the upper part of the package removed, where
incident radiation intensity. This effect was first demon-radiation could be fed into the diode through a flat transpar-
strated in Ref. 1 when an RS Components LED, having &nt(or colored for the AL307 diodegpolymethylmethacry-
radiation peak at 660 nniCatalog No. 564-015was ex- late surface positioned around 1 mm from the diode. In this
posed to 80 fs and 1 ps light pulses from a Ti:sapphire lase€ase, the radiation was focused using lenses of 35 and 15
It was assumed that the nonlinear electrical response of thegam focal length.
photodiodes was either caused by direct two-photon absorp- The nonlinear electrical response was recorded for all
tion of radiation in the diode or by second harmonic generathe LEDs in both modes, but in mode 2 this response was
tion in GaAs. slightly higher than that in mode (for the same incident

We observed a similar effect with Russian AL307 LEDs fadiation powers In our view, this behavior is attributable to
having radiation peaks at 666 nfL307BM) and at 666 the better focusing of the radiation. The load resistance of
and 566 nm(AL307EM). Here we report results of a direct (heS€ photodetectors was set at 68D &nd the output signal
experimental comparison between the characteristics df€9an to fall off appreciably and become distorted when the

AL307 and 564-015 LEDs when used as photodetectors fo§utocorrelator scanning frequencies exceeded 10-15 Hz.
the diagnostics of ultrashort light pulses Note that with a load resistance of 68Q Kor the RS Com-

For the experiments we used the FEMTIS femtosecon(ﬁ)Onents LED.S in m_ode 2, we obtair_led output signal ampli-
Ti:sapphire lasefpulse length 110-130 fs, pulse repetition tudes thrge times hlghgr than those in Ref. 1-—150 mV when
. he radiation power incident on the photodetector was 7 mW.

frequency 108 MHz, and average radiation power up to 50

MW in the 780 nm rangeand an FS-PS scanning autocorr- hen the Iof':\d reS|§tance was increased, the amphtudes of

. the output signals increased but the response time of the
elator with the data recorded by compultire apparatus was hotodetectors decreased. The amplitudes of the output sig-
built in the Laser Technology Department of Novosibirskp i P b 9

. . . : . nals from the AL307 LED photodetectors with modified
State Universit$). The.LEDs being stu@ed were _used in the ackage geometry were 25 mV for an average power of the
autocorrelator, replacing the conventional nonlinear cryst

ecorded femtosecond radiation pulses of 7 mW.

and photodetector system. The FS-PS autocorrelator was g re 1 gives autocorrelation functions obtained using
based on a Michelson interferometer, and a variable tim§ Eps with unchangedFig. 1b and modified package geom-
delay of the pulses in one of the interferometer arms wagyry (Figs. 1c and 1d All the autocorrelation functions are
provided by a pair of parallel mirrors which could be tilted 4jmost identical and in our opinion, the slight differences in
by an angle up ta-4°. The range and scanning frequency of o profile are attributable to a corresponding slight deforma-
the autocorrelator are 0.02-30 ps and 0.01-20 Hz, respegyn of the femtosecond pulse shape caused by the different

tively, with 15 fs time resolution. _ _ tuning of the titanium sapphire laser at different measure-
Figure 1 gives interference autocorrelation functions obent times.
tained using a nonlinear BBO crystdl00 um thick) and a The relatively arbitrary choice of Russian LEDs made by

Burr-Brown OPT-301 photodetect@), the RS Components s, suggests that there is evidently a class of LEDs having a
LED (b), and the Russian LEDs AI307—-AL307BK¢), and  nonlinear electrical response when used as unbiased photo-
AL307EM (d). diodes to record ultrashort light pulses. There is clearly a
The LEDs were used in two modes. need for a detailed study of this phenomenon, and to con-
1. In the usual form, where radiation was fed into thetinue our search for, and study of, various LEDs suitable for
diode along the axis of symmetry of the polymethyl- use as photodetectors for the diagnostics of light pulses of
methacrylate package across the spherical surface, with tiiéfferent duration and power in different spectral ranges.
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FIG. 1.

a0 260

Note that an effect associated with the photoconductiortonventionally used nonlinear crystal and photomultiplier, or
of a semiconductofZnSe induced by two-photon excitation photodiode systems in scanning autocorrelators, at least in
during the recording of ultrashort light pulses was observedhe middle infrared, for measuring the length of ultrashort
in Ref. 3. As in our experiments, the radiation source was dight pulses from Ti:Sapphire, Cr:LiSAF, Cr:LiS GaF, and
Ti:Sapphire lasefpulse length 120 fs, repetition frequency other lasers. These LEDs may also be used as sensors for
76 MHz, central wavelength 800 nmAccording to the data electronic display systems and for automatic triggering of
given in Ref. 3, the output signal from a specially fabricatedmode self-locking in various lasers.

ZnSe-based photodetector was 0.7without amplification

and 60 mV when the average power of the recorded radiation

was 10 mW and 1 mW, respectively. The mechanism re-, , )
sponsible for the nonlinear electrical response of the AL307 EéttT'zge'zdég'\?i;;fggem C. McGowan, W. E. Sleat, and W. Sibbett, Opt.
LEDs exposed to ultrashort light pulses may be similar to 2novosibirsk State University Laboratory of Laser Systems Internet home
that described in Ref. 3. page, URL: http://www.cnit.nsu.ru/nwww/lls/english/index.htm

Since these AL307 LEDs are extremely cheap andSW- Rudolph, M. Sheik-Bahae, A. Bernstein, and L. F. Lester, Opt. Lett.
readily available, and they are also easy to use and fairly 22, 313(1997.
sensitive as photodetectors, they can completely replace theanslated by R. M. Durham
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Field-ion microscope analysis of the action of laser pulses on the surface of
YBa,Cuz0_,, single crystals

G. G. Kuzyakhmetov, A. F. Bobkov, A. L. Suvorov, Yu. N. Cheblukov, A. N. Balabaev,
and A. S. Fedotov

State Scientific Center—Institute of Theoretical and Experimental Physics, Moscow
(Submitted August 28, 1997
Pis'ma Zh. Tekh. Fiz24, 66—72(January 12, 1998

Field-ion microscopy is used to investigate the interaction between electromagnetic radiation and
the surface of YBgCu;0;_ single crystals. It is shown that this action leads to the

formation of a thin molten film on the surface of the sample, followed by the appearance of wave-
like instabilities. Complexes of point defects, predominantly vacancies, similar to depleted

zones, form in the bulk of the material. @®998 American Institute of Physics.
[S1063-785(108)01301-9

The synthesis and development of complex multicompoirradiation. As a result, the brightness and area of the image
nent compounds, including high-temperature superconductacreased abruptly, denoting a newly formed surface relief.
ing (HTSCO materials, and the unique properties associatedn this regime, the sample voltage remained cons(&id.
with them, requires a more detailed study of how these mal). This effect may be attributed to sharpening of the sample
terials are influenced by radiation and other external effectdip as it is pulled into the fieldthermofield rearrangement-
This may be an important method of explaining the criticalsharpening effegt’®
superconductivity parameters, as well as giving photoin- In the second regime, the samples were irradiated at the
duced and radiation control of their properties and paramvoltage of the best image without reducing the potential. In
eters. We are familiar with various studies in which laserthis case, the sample was either damaged or the field evapo-
irradiation has changed the electrical conductivity and in+ated an appreciable number of the surface atomic layers,
duced a superconducting transitibhas been used to vary activated by the laser radiation. The pattern resembled dam-
the superconducting characteristics of HTSC films in a conage to the sample as a result of the ponderomotive forces of
trolled fashion in a certain energy density rafgend has the electric field(Fig. 2).
appreciably increased the critical curreffs. When analyzing the results of these experiments, the fol-

An investigation of the interaction between electromag-lowing factors must be borne in mind: the vacuum insula-
netic radiation and the surface of HTSC materials by fieldtion, the cryogenic cooling, the high electric field, and the
ion microscopy may provide unique information on thesmall size of the sample. Recently published experimental
structural changes in the crystal lattice at the level of indi-datd suggests that these newly formed ordered structures
vidual atoms, on the kinetics of field-induced evaporation ofmay be arbitrarily divided into two groups. The first group
the surface atomic layers under the action of single laseincludes strictly periodic gratings formed on the surface of
pulses, and on the spectrum of surface and bulk defectsolids as a result of nonuniform heating in the irradiation
Such investigations are reported here. Studies of radiatiomone. The second group may include the relief structures
defects in Y—-Ba—Cu—O single crystals by field ion micros-formed as a result of uniform heatifHaving in mind the
copy were reported earlier in Ref. 5. very small size of the surface under stu@ynd the sample

A special assembly was constructed for this purposewe can assert that the material was uniformly heated. The
comprising a field-ion microscope, a pulsed neodymium lapresence of a high-intensity electric field above the molten
ser(A=1060 nm,7=20 ng, an alignment laser, and a cas- surface of the emitter leads to the formation of wave-like
sette containing removable filters to vary the sample irradiainstabilities'* with predominantly short-wavelength pertur-
tion intensity. The intensity was determined to bebations appearing on the surface. Their wavelength was de-
| ~3x 10 W/cn? by trial and error. The samples for the termined directly from the field-ion images as approximately
field-ion microscopic analyses were prepared from1l0-15 nm. Taking into account the results of Ref. 7, we can
YBa,Cu;0;_ single crystals which were cleaved into small postulate that the buildup of these instabilities is a stepwise
fragments and the sharpest fragments attached to tungstprocess: various spheroidal or conical microprotuberances
needle-substrates with an electrically conducting adhdsiveare initially formed on the surface of the liquid, they are then
This adhesive was a suspension of graphite powder in a@abruptly pulled into peaks with decreasing radius as a result
etone. of localization of the electric field at the roughnesses formed,

The samples were irradiated in two regimes. In the firstbefore being instantaneously frozen.
after the voltage giving the best image had been reached and In accordance with Ref. 12, a small perturbation of the
the characteristic surface structure of the sample recorded diguid on the side of the applied electric field causes a verti-
photographic film, the sample voltage was reduced so thatal displacement of the surface atoms. In this case, an addi-
only weak luminescence was observed on the microscopéonal negative pressure, directed along the normal to the
screen. The tip of the sample was then subjected to lasewurface, acts on the surface of the liquid. In the absence of an
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FIG. 1. Field-ion image of the surface of a Yfax0O;_, single
crystal after exposure to pulsed laser radiation. Sample potential
Up=9.0 kV.

electric field, only surface tension forces act on the molterof the pulsed laser radiation in this case are the thermal and
tip of the sample. In a field, the initial perturbation destroysimpact loading on the surface of the material. As a result,
the pressure balance and increases the negative pressuegge numbers of isolated vacancies are generated in the bulk
which then intensifies the perturbation, and so’on. of the samples, which may promote the formation of vacancy
Field-ion microscopic examinations of YBau;O; ,  clusters and pores. It should also be borne in mind that, at the
single crystals after exposure to laser pulses revealed that tlestant of the laser irradiation, a strong electric field is
newly formed surface is not very sensitive to the appliedpresent at the surface of the sample which may displace at-
field. It was observed visually that a small increase in theoms from their normal positions in the crystal lattféeThis
potential on the sample was only accompanied by enhancddctor may have a substantial influence on the damage
brightness of the image on the screen, without making angaused to the crystal lattice in the bulk of the material. A
significant changes to the overall contrast of the image. Arseries of field-ion microscope images was used to assess the
appreciable increase in voltage, by 15-20% of the initialinear dimensions of the defect zones, taking into account the
value, was required to evaporate the surface amorphizesults of Ref. 14. The right-hand part of the imd§eg. 3
layer. The method of field-induced evaporation was used toeveals several closely spaced defect zones which, subject to
make a field-ion microscope analysis of the bulk structure otertain assumptions, may be identified as pores with linear
high-temperature superconductors, at a depth of several tedgnensions of 5-10 nm. At the same time, it is quite logical
of atomic layers. A typical microscope contrast is shown into assume that these pores are artifacts, specifically, the con-
Fig. 3. Considerable structural changes take place in theequence of field etching of depleted zones. No unambiguous
bulk, resulting in the complete absence of a crystal structuresonclusion can be reached on the basis of these results. It
the formation of small vacancy clusters in the surface layermay also be postulated that the formation of defect zones
preferentially depleted zones. The main factors in the actiominder the action of laser pulses is caused by the high mobil-

FIG. 2. Field-ion image of the surface of a Y®arO;_, single
crystal after the next laser pulésee text Uy=12.0 kV.
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vacancies, having parameters similar to depleted zones, form
in the bulk of the material.
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Influence of triboelectric treatment on the coercivity of magnetic films
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A study has been made to determine how the properties of magnetic films are influenced by the
triboelectric fields accompanying the polishing of articles with fur and results are presented.

For insulating films of bismuth-containing iron garnet an increase in the coercivity was observed,
evidently caused by the electromagnetic effect, in spite of reduced defects in the crystal
structure. ©1998 American Institute of Physids$S$1063-785(108)01401-3

It is known that the triboelectric fields generated as awas determined by a magnetooptic method using the Faraday
result of the friction between insulators in a vacuum mayeffect. Hysteresis loops of the films were recorded in the
lead to electrical erosion of the contacting surfaces. For dnitial state and after the triboelectric treatment using a sys-
specific configuration of friction pair, electrical erosion tem described in Ref. 4.
smoothing of the surface is observed and this has served as The investigations showed that under the influence of the
the basis for a new method of treating the surfaces of insutriboelectric treatment, the coercivity of the sample material
lators and semiconductors—triboelectric polishintp this
method of treatment the surface of the article being treated is
exposed to the action of a soft fleecy material attached to the ,4’ arb. units

cylindrical surface of a rapidly rotating roller.
Special experiments have shown that the triboelectric ( a
fields generated in vacuum are so large that they not only 0.5+

smooth the microrelief by electrical erosion to levels unat-
tainable by other known methods of polishing, but they also
modify the structure, particularly the defect structure of the
surface layers of the materials being treated.

A reduction in structural defects after this treatment has
been observed for many insulating and semiconductor mate-
rials (such as glass, quartz, and siligoMoreover, the re- -0.5k
duction in defects detected by field emission and double- ) J
crystal radioscopy, especially for silicon wafers treated by
the triboelectric technique, was also observed when these
were used to fabricate semiconductor devices, which then 1.0
showed improved properties in factory tests. | |

The mechanism responsible for these reduced defects is L "1
attributed to the action of high-intensity electric fields on the A, arb. units
material. In the case of insulating magnetic materials, this 0.5
reduction in defects should lead to reduced coerciity. b

Since a specific change in the magnetic properties of
materials is extremely important for engineering, we set our-
selves the task of determining whether the coercivity of mag- 0.0
netic films could be changed by triboelectric treatment.

The influence of triboelectric treatment was investigated
using Bi-containing easy-plane iron garnet films grown by
liquid-phase epitaxy or(lll)-oriented gallium gadolinium -0.5-
garnet substrates. The thickness of the films was piré

The triboelectric treatment was carried out using a roller
coated with soft natural fuito reduce the mechanical action
on the film) which was in very light contact with the surface -1.0 | |
of the film. The sliding velocity of the fur on the surface of =10 ) 10
the film was 13 m/s. The treatment time did not exceed 1 h. W10+ T

The change in the magnetic properties under the influ- !
ence of the triboelectric treatment was assessed from thﬁG. 1. Magnetic reversal curves of Bi-containing iron garnet film along the
change in the coercivity of the film material. The coercivity easy magnetization axis befof@ and after triboelectric treatmeti).

0.0
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changes substantially. Generally, the coercivity increasecaused by the films attaining an electret state and electric
Triboelectric treatment leads to a significant change in thdields being induced in the bulk.
profile of the hysteresis loop, which becomes broader and The injection of electric charges into the bulk of the film
more rectangular. By way of an example Fig. 1 shows hysduring friction, capture of these charges by trap defects, and
teresis curves of the magnetic reversal curves of Bithe drift of charged defects toward the film—substrate inter-
containing iron garnet films Zum thick before and after face has the result that, even after the friction process has
triboelectric treatment. An analysis of the profile of the hys-ended, an internal electric field is conserved in the bulk of
teresis loops indicates that the in-plane anisotropy of thehe film, and this is responsible for the magnetoelectric ef-
magnetic properties of the material is conserved. After tri-fect. Note that the previously observed change in the coer-
boelectric treatment some reduction in the crystal structureivity of Bi-containing iron garnet films following their treat-
defects is observed. ment in a corona discharge was also explained by the
It should be noted that this result is only observed whermagnetoelectric effeétit should be stressed the purely me-
the triboelectric treatment process is carried out in highchanical action of the fur on the surface during the triboelec-
vacuum (10 4 mm Hg). Under the same friction condi- tric treatment can only be discounted for fairly hard materi-
tions in air, no significant change in the coercivity is ob- als, such as Bi-containing iron garnet films. For softer and
served. This is because the electrification process is mommore electrically conducting materials, the mechanical effect
intensive in vacuum and is accompanied by the generation ahay have an important influence. A clear example may be
higher-power electric fields compared with the friction pro- provided by the results of using a rotating roller to treat films
cess in air. of an amorphous magnetic substance having the general
Thus, the experiments have shown that, despite the olzomposition FeCoNiSiB deposited by laser evaporation on
served decrease in structural defects in these Bi-containintpe surface of glass and silicon substrates using a method
iron garnet films, triboelectric treatment is in fact accompa-described in Ref. 4the film thickness was 10—1000) A
nied by increased coercivity. Since the temperature of the Figure 2 shows the hysteresis curves before and after
samples during polishing did not exceed 80 °C, the influencéreatment of a film 1000 A thick. It can be seen that the
of heating on changes in the magnetic characteristics of thesmercivity also increases in this case. Since conversion to an
films can be neglected. electret state and the formation of an internal electric field do
An obvious explanation for the observed increase in conot take place in conducting materials, and an analysis of the
ercivity may be the appearance of a magnetoelectric 8ffecthysteresis curves suggests that defects in the film are in-
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creased, the change in coercivity is evidently caused by This work received considerable financial support from
purely mechanical action on the surface of the film. This isthe Russian Fund for Fundamental Research, Grant No. 95—
also evidenced by the complete disappearance of anisotrogs—04766.
(the hysteresis loops are isotropic in the easy and difficult
axes.

Thus, the change in the magnetic properties observed in
this case is caused by the appearance of additional defects as
a result of the friction between the films and the fur, which 1y _a kiyuev et al, USSR Author's Certificate No. 643302 Int. Cl. B241;
increases the pinning of the domain walls. Byull. Otkr. Izobret. No. 3, 451979. )

It should be noted that triboelectric treatment cannot?V. A. Klyuev, M. A. Kolobov, Yu. P. Toporowet al, Elektron. Prom. No.
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On the whole, the results have shown that when tri-°L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media
boelectric treatment is used to alter the magnetic properties(Pergamon Press, Oxford, 1960; Gostekhizdat, Moscow, )1957
of insulators and semiconductors, allowance must be madeY: G- Kostishin and L. M. Letyuk, Zh. Tekh. Fiz57), 179 (1999

. . . . . [Tech. Phys40, 930(1995].

for their conversion to the electret state which gives rise to
the magnetoelectric effect. Translated by R. M. Durham

Kvant. Elektron.

35 Tech. Phys. Lett. 24 (1), January 1998 Toporov et al. 35



Release of hydrogen from an insulating liquid under the action of ultrasound
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Coherent anti-Stokes light scattering spectroscopy is used to study the release of hydrogen from
an insulating liquid under the action of focused ultrasound which causes mixing of the

liquid to form a fountain. It is shown that the action of ultrasound on an insulating liquid in an
evacuated volume or in normal-pressure air substantially accelerates the desorption of
hydrogen into the gas phase. 98 American Institute of Physids$$1063-785(108)01501-9

The amount of hydrogen in solids may be measured by  This method of degassing a liquid was checked out ex-
extracting it in the gas phase by heating and meftifigthe  perimentally using the apparatus shown schematically in Fig.
content of gases, including hydrogen, in liquids may be ded. A spherical piezoceramic transdudeattached to a con-
termined by releasing dissolved gases from the liquid phasducting mount2 and a glass contained, excites acoustic
into the gas phase at reduced ambient preséureRef. 5it  oscillations in the liquid4 under the action of a resonant rf
is suggested that gas may be extracted from a liquid by corvoltage(~27 V, 1.76 MH2. The ultrasound propagating in
vection produced by microwave irradiation of the liquid. In the liquid is focused at its surface and generates a foubtain
the diagnostics of power transformers the gas content in which then decays into fine droplets. The gas released from
sample of insulating liquidtransformer oil is usually deter-  the liquid is fed via a connecting tulfto an optical mea-
mined by direct vapor-phase analysis. This method involvesuring cell 7 with optical windows8 and is recorded at a
transferring some of the dissolved gas into an inert atmospecific repetition frequency by coherent anti-Stokes light
sphere above the liquid by periodic shalfinmtil thermody-  Scattering using resonant biharmonic laser pumping based on
namic equilibrium is established and then analyzing the gastimulated Raman light scattering'* This method of re-
mixture with a chromatograph. cording hydrogen in a gas mixture is selective and, unlike

Here we demonstrate that the process of hydrogen re-
lease from an insulating liquid can be speeded up consider-
ably under the action of focused ultrasound. This is of inter-

est for the development of methods for rapid analysis of gas
content, in transformer oils for instance. —
7 AuAs 2o,
It is known that losses of ultrasonic energy in a medium | | - Ay Asi A
lead to the appearance of a so-called radiation foidader T i
the action of this force, jets of liquith fountain may appear 9 8 7 8 0 "

above the focal region of a spherical ultrasonic emitter. This
causes vigorous mixing and degassing of the liquid. In addi-
tion, when the ultrasound is focused, the amplitude of the Y
acoustic pressure is spatially nonuniforfgraded. Gas
bubbles in the field of such an acoustic wave are subjected tc
the Bjerknes forcégiven byFg= —(VVP), whereV andP

are the instantaneous values of the bubble volume and acous
tic pressure, and averaging is performed over time within the
period of the oscillations. The action of this force causes
spatial displacemergmigration of the bubbles into zones of
elevated pressuret® For the case of a focused ultrasound
beam, the region of elevated pressure is situated near th
focus of the emitter. Consequently, gas inclusions exposed tc
the action of the Bjerknes force near the focus of an ultra-
sonic emitter will be expelled into the surrounding atmo- /

sphere together with the fountain, which may lead to even 1

more efficient degassing of the liquid. However, the action OfFIG. 1. Schematic of experimer:—lens to focus biharmonic pump radia-
fairly high-power acoustic waves may give rise to varioustion A, , s (\, =532 nm, A\s=683 nnj, tuned to theQy,(1) vibrational
acousto-chemical reactiohsincluding decomposition of the  transition frequency of molecular hydrogeb@—collimating lens, 11—

; : P ptical filter to select anti-Stokes scattering componen{\ ,=436 nm),
InSUIatmg |IQUId to form hydrOgen’ methane, ethane, and sg nerated by coherent anti-Stokes scattering of light, whose intensity can be

12 . . . . . e
on.™ For this reason, 'nSUIat'ng |IQUIdS should be degassed %sed to assess the hydrogen concentration in the measuriritheaiémain-
low ultrasound powers. ing notation is given in the tejt.
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tained after accelerated hydrogen saturation of the oil under
mixing conditions, whereas those in Fig. 2b were obtained
for natural diffusion of low-pressure hydrogen into the oil
over a period of days. It can be seen that spontaneous de-
sorption of gas over a certain time may take place in
vacuum(Fig. 2a, curvel). Under these conditions, the action
of the ultrasound appreciably accelerates the gas release pro-
cess(Fig. 2a, curve2). The experimental dependences of the
gas releas®&/(t) plotted as a series of points in Fig. 2a are
accurately described by the functidh=Vy(1—exp(—t/7)),
whereV, is the reduced volume of the initial hydrogen con-
tained in the oil, and- is the characteristic gas release time,
which is reduced by a factor of 3.9 when the ultrasound is
0.0 4+ e switched on. At normal pressures in air, the process of hy-
0 1 2 3 3 4 drogen desorption from the oil is substantially slowErg.
t,10%s 2b, initial section of curvel). However, the application of
ultrasound at=t, abruptly increases the rate of gas release.
Delaying the time of application of the ultrasound jcshifts
the dependenc¥(t) to the right on the time scal@ig. 2b,
curve 2). An appreciable change in the rate of increase in
V(1) in air is observed after certain delay following the ap-
plication of the ultrasound. Experiments have shown that this
can be attributed to the finite tintg required for hydrogen
to diffuse in air along the connecting tuleto the optical
measuring cell7 (Fig. 1). As the air pressure decreasgs,
tends to zero.

It has thus been demonstrated experimentally that low-
power focused ultrasound can be successfully used to speed
up the release of hydrogen and other gases from liquid insu-
lators in a gaseous atmosphere.

1.0

0.5

t 10*s The authors are grateful to N. B. Kuznetsov, T. N.
’ Mogileva, and E. G. Fateev for technical assistance with the
FIG. 2. VolumeV of hydrogen released from GK-grade prehydrogenated WOrK.
transformer oil as a function of timtein vacuum with a residual air pressure

of 100 Pa(a) (1—spontaneous desorptia®—desorption under the action of
ultrasoundl and in normal-pressure aib).
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Figure 2 shows the kinetics of hydrogen release from®G. M. Mikheev and Gr. M. Mikheev, Ektrichestvo, No. 6, 331996.
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normal conditions. The results plotted in Fig. 2a were ob-Translated by R. M. Durham
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Use of a transverse nanosecond discharge at the prebreakdown electron ionization
multiplication stage for selective excitation of neon atoms
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An investigation is made of the characteristics of a transverse nanosecond discharge in Ne/SF
and He/Ne/Skmixtures at the prebreakdown electron ionization multiplication stage.

The conditions needed to obtain a stable transverse discharge with ultraviolet spark preionization
are studied as well as the spectral and temporal characteristics of the plasma radiation. It is
shown that this transverse discharge burning regime may be promising for the selective excitation
of neon atoms which may be used to develop an electric-dischrrg885.3 nm,

Ne(3s—3p) plasma laser. ©1998 American Institute of Physid$$1063-785(18)01601-3

When a conventional high-current transverse dischargeurvature of the working surface was 1.7 cm. The width of
obtained in He/Ne/ll mixtures at moderate pressures the discharge region was 0.7 cm. Preionization was provided
(P=10-20kPa) is used to pumyp=585.3 nm Nel plasma using two spark lines mounted on either side of the cathode.
lasers, the efficiency is podr This is because the transverse A pulsed voltage generator was formed by la@ system
discharge plasma contains no high-energy electrons and thdth a 30 nF main storage capacitor and a 9.4 nF peaking
impedances of the pump source and the transverse dischargapacitor. The switch was a TGI1 1000/25 thyratron. The
are mismatched. The addition of electronegative moleculetransverse-discharge current and voltage pulses were mea-
(NF;, P=3-4 kPato He and Ne atoms increases the outputsured with a Rogowski loop and a low-inductance capacitive
energy of a transverse-discharge-pumped laser by an order wbltage divider. The plasma radiation spectra were investi-
magnitude but the pulse length does not exceed 10-20 rgated using an MDR-2 monochromator, a Foton photomulti-
and the main mechanism for filling of the upper active stateplier, an electrical system for recording low-repetition-
is direct electron impact? The use of discharges with a hard frequency radiation pulses, and a KSP-4 automatic plotter.
current componen, longitudinal discharges, and hollow- The temporal characteristics of the transverse-discharge ra-
cathode discharg®sncreases the duration of the lasing by diation were recorded with anLE)14-FS linear electron
incorporating recombination mechanisms for filling the 3 multiplier and 6LOR-04 or S1-79 oscilloscopes. At Ne/SF
states of Nel but the scope for spatial scaling of the volumeéind Ne/Ne/SE mixture pressures in the range 5-200 kPa,
of the laser active medium is limited for these methods ofignition of the high-current diffusive transverse discharge
pumping. was preceded by a stable, spatially uniform, yellow dis-

Here, an investigation is made of the characteristics of #harge with a 0.X2.2 cm aperture in a narrow range of
transverse discharge with ultraviolet spark preionization, ini-supply voltagesAU=*0.5 kV. The coefficient of plasma
tiated at the stage of prebreakdown ionization multiplication
of electrons, in order to produce a collisional nonequilibrium
plasma in Ne/Sfand He/Ne/SEmixtures. It was suggested
that Sk molecules used previously to obtain lasing on
3s—3p Nel transitions in the red could be used to depopulate
the lower active state of nednt was shown in Ref. 8 that a
volume discharge in an He/KrfMnixture has a stable stage
with prebreakdown ionization multiplication, which is prom-
ising for obtaining 249 nm lasing in KiF The possibilities
for achieving this type of discharge in the active medium of
a neon-atom plasma laser were not investigated. A discharge
at the prebreakdown ionization multiplication stage develops
under conditions where the electric field strength at the elec-
trodes is fairly high over the entire energy deposition time
and is characterized by a plasma electron density of
10'2-10" cm™3. This makes it similar to an electron-beam-
controlled discharge but the electron density is sufficient to
obtain an inversion at =585.3 nm in Nel. 0

A transverse discharge with prebreakdown ionization
multiplication was investigated in the emitter of a laser dlag-FIG. 1. Burning voltage of transverse discharge at prebreakdown ionization

nF)StiC_ complex, described in Ref. 9. The discharge was i9multiplication stage as a function of gas mixture pressure and composition:
nited in an electrode system 18 cm long, where the radius af—Ne/Sk=32/1.6 kPa,2—20/0.8 kPa, an®—10/0.8 kPa.

13 26 P, kPa

38 Tech. Phys. Lett. 24 (1), January 1998 1063-7850/98/010038-03%$15.00 © 1998 American Institute of Physics 38



0 T
U, arb. units r\lw\//

ty tg ty

3, arb.units AN ) \ , . 2.
l eV V4 -
J, arb. units
FIG. 2. Oscilloscope traces of current, voltage, and ra-
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0 charge at the prebreakdown ionization multiplication
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filing of the interelectrode gap was unity, which was sub-amplitude, and a high-intensity second peak formed as a re-
stantially higher than its valuek&0.5-0.7) in a high- sult of the complete decay of the voltage across the discharge
current transverse discharge in the active media of a eCl9ap (time ts). The total duration of the radiation at the base
laser. This value ok is similar to the coefficients for a trans- ©Of the oscilloscope trace was 1u8. An increase in the neon
verse discharge with anisotropic resistive electrddeghich ~ Pressure £50-70 kPa) caused a drop in the radiation inten-
makes it promising to use a transverse discharge with pret§jty on this neon line and changed the ratio between the first
reakdown ionization multiplication in wide-aperture emit- and second peaks of the Nel radiation, increasing its duration
ters. A study of the overall radiation spectra of a transversé=1.0 #s). It can be seen from Fig. 2, that recombination
discharge with prebreakdown ionization multiplication in filling of the 3p Nel state takes place in this plasma. At the
(He)/Ne/SK, mixtures has shown that in the yellow-red prebreakdown ionization multiplication stage, in a strong
range, the main emission line }=585.3 nm Nel with a electric field excited neon atoms are generated, they undergo

contrast of 7—12 relative to the other lines on tlee-3p Nel ~ Multistage ionization, and Neions are converted to Ne
transitions. and HeNé which then selectively fill the Ne(®) state as
Figure 1 gives the maximum transverse discharge burnthe parameterE/N) decreases, as a result of recombination
ing voltage () at the prebreakdown ionization multiplica- Processes. The specific mechanism for filling of the upper
tion stage as a function of the pressure and composition ciate for the, =585.3 nm Nel transition in a breakdown dis-
the (He)/Ne/SFK;, mixture. The optimum concentration of SF charge with prebreakdown ionization multiplication requires
molecules was in the range 0.5-1.0 kPa. As thg @ftent  SPecial study.
and neon pressure in the binary mixture increased, the value T0 sum up, it has been shown that in a breakdown dis-
of U; and the energy characteristics of the transverse discharge with prebreakdown ionization multiplication in
charge increased. When the concentration of @Blecules He&(Ne)/SFs mixtures at atmospheric pressure, a stable dis-
was increased appreciab'y;a_.6 kPa), the uniformity of the Charge is initiated for which the coefficient of fl||||’]g of the
ultraviolet preionization deteriorated and the discharge witinterelectrode gap is unity, the spatial homogeneity is good,
prebreakdown ionization multiplication became unstable@nd the 3, 3s states of the neon atom are filled under non-
The addition of He to the Ne/GFmixture increasedJ; but equilibrium conditions. This behavior is of interest for the
optimum densities of He atoms in a ternary mixture existeclevelopment ok =585.3 nm, Nel electric-discharge plasma
for the A =585.3 nm Nel radiation. The temporal character-lasers.
istics of a transverse discharge with prebreakdown ionization
multiplication in Ne/Sk mixtures are given in Fig. 2. After
breakdown of the discharge gap, a high electric field strengthl'\"- I. Lomaev, A. N. Panchenko, and V. F. Tarasenkol, Kvantovaya Elek-
is maintained at the electrodes. The voltage pulse consisteairlogng'7)(]'\_/| oscow 14, 933 (1987 [Sov. J. Quantum Electrord?, 631
of a rapidly decaying section &§—(0;t;) corresponding to  2G. A. Batyrbekov, EG. Batyrbekov, V. A. Danilycheet al, Kvantovaya
breakdown of the discharge gap, a sectidnp;t}) corre- Elektron.(Moscow 16, 2060(1989 [Sov. J. Quantum Electrod9, 1325
sponding to quasi-steady-state burning when ionization at—sl(\jglg%]' 4V ET ko, Pis'ma zh. Tekh. fiz, 1045(1988
tractive equilibrium is established, and the time interval [gq ?Qﬁvpigs_ Letﬁ4’a2%%i29%’8ﬂfs ma en. e B
(to;t3) corresponding to prebreakdown ionization multipli- “Mm. I. Lomaev and V. F. Tarasenko, Kvantovaya Elektrvioscow 19,
cation. The profile ofU as far as timet, was similar to a 5é46L(1B:t?Js[r?0|\\l/i JI-: Qg;nt;% Eéecgog,etﬁ? afrle??2)KZ|\-/antovaya Cleiron
pglsed dIS.Charge I.n p_ure_gl?l a SyStfm of metal electro_des (Moscow 17,] 1418(1996 [Sov. J. Quantum EIec’tror?.O, 1327(1990].
with ultraviolet preionizatiort! The A =585.3 nm Nel radia- sy g Borisov, V. S. Egorov, M. N. Kirshiret al, Opt. Spektrosk72,
tion pulse consisted of an initial steady-state section of low 1064 (1992 [Opt. Spektrosk72, 581 (1992].
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Reflection of an electromagnetic wave by a layered superconductor-dielectric structure
A. G. Glushchenko and M. V. Golovkina
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An analysis is made of the propagation of an electromagnetic wave through an infinite periodic
superconductor-dielectric structure consisting of alternating layers of dielectric and thin

layers of type Il superconductor. The presence of thin layers of superconductor is taken into
account by introducing a suitable boundary condition. It is observed that the reflection coefficient
depends abruptly on the angle of incidence of the wave, the thickness of the superconducting
film, and the external magnetic field. @998 American Institute of Physics.
[S1063-785(10800201-9

The motion of a vortex structure in high-temperature suthe form of a matrixM, linking the fields at the boundaries
perconductors may be utilized to amplify electromagrteticy=0 andy=t. The transformation matris, linking the
and spin wave$? Periodic superconducting structures pos-fields at the end and beginning of the dielectric layer is
sess various fundamentally new properties compared witknown? Then, the fields at the end of the period are related
homogeneous materials, although they have not been used snthose at the beginning by the matfit=M;-M,. The
far for wave amplification. We consider an infinite periodic dispersion relation for an infinite periodic medium is written
structure consisting of dielectric layers of thicknelsssepa-  in the form?#
rated by thin layers of type Il superconductor of thickngss 1
wheret<\, where\ is the wavelengti{Fig. 1). We direct cosKd= = (my;+m,,), 2)
they axis perpendicular to the interfaces between the layers 2
and thex axis parallel to the interfaces. The entire structurewhereK is the Bloch wave number for thé-wave,m;; and
is situated in a magnetic fieB,, whose magnitude exceeds m,, are the diagonal elements of the transition mamix
the first critical field for the superconductor, directed in theThe unknown dispersion relation for tié-wave is:
opposite direction to thg axis. Under the action of a trans-

port current perpendicular to the fieR},, along thez axis, a cosKd=cosk,d; + Hopol (i_ 20K sink,d;
network of Abrikosov vortices in the superconductor layers 7R 2kBy0 | @y Y
moves along the axis. We consider the propagation ofldn ()

wave in thexy plane at the anglé to they axis. For sim-  wherek,= (w/c)eu cos6, and ky=(w/0)@ sin 6. The
plicity, we shall assume that in the plane of the layers, thdact that the Bloch wave number has an imaginary part indi-
fields only depend on one coordinate and also #az=0.  cates that the electromagnetic wave will decay exponentially
The presence of a thin layer of superconductor of thick-as it propagates deep inside the periodic medium. However,
nesst<<\, because of its small thickness, is best taken intgf one of the conditions: sik,d; =0 or
account by introducing a special boundary condition. Wey/d,—(j,o-k,)/0=0 is satisfied, the Bloch wave number
consider a layer of superconductor at the boundan0. In becomes purely real and the electromagnetic wave may pen-
the instantaneous-response approximation and neglecting térate deep inside the periodic structure.
elastic “rigidity” of the vortex lattice(the existence of elas- Figure 2 gives results of numerical calculations of the
tic forces in the vortex network as this undergoes deformareflection coefficientR as a function of the angle of inci-
tion leads to nonlinear coupling between the wave and th@enced for a structure consisting of a single layer of high-
network, which is insignificant in this linear approximatjpn
the boundary condition is written as follovs:

jzquO

L=+ Py y=t
W(Y— ) W(Y— )

_Byo®o 7
nt X

[Hi(y=1)—H,(y=0)], .Y

wherej o is the current density in the superconducting layer,
7 is the coefficient of viscosity of the magnetic vortex, and
d is the magnetic flux quantum.

We consider a single period of the structure, containing a
single thin superconductor layer and a layer of dielectric. Its y¢
thickness isd=d;+t, whered, is the thickness of the di-
electric layer. The boundary conditi¢fh) may be written in  FIG. 1. Geometry of structure.
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R - ReZn) = —wuou /Ky, is satisfied which can be achieved by
varying the input impedancg, of the layered structure over
a wide range by varyin®,,, j,0, and 6. This behavior of
the reflection coefficienR is attributable to interaction be-
tween the electromagnetic wave and the moving network of
Abrikosov vortices. For these structures an amplification ef-
fect is observed in magnetic fieldy,, of the order of 5 T
although these fields do not exceed the upper critical field for
YBa,Cu;05, which is estimated to be 30 T @at=77 K (Ref.
5).
In view of the high values of the reflection coefficient
0 ; 3 : f 3 : and the abrupt dependence of the reflection coefficient on the
000 024 047 071 084 148 141 0 rad frequency of the incident wave, the angle of incidence, and
the external magnetic field,,, these structures can be used
FIG. 2. Reflection coefficierR versus angle of incidenceof electromag-  to develop new magnetic-field-controlled devices with high

netic wave for various thicknessésof the superconducting layer: curve parameter selectivityin particular, amplifiers and filteys
1—t=44 nm, curve2—t=43 nm, and curv&—t=42 nm. The parameters

were: Byo=5T, d=05um, »n=108N/si?, j,=10° A/im? and

»=10"Hz.

1A. G. Glushchenko, Pis'ma Zh. Tekh. Fi£7(22), 11 (1991 [Sov. Tech.
Phys. Lett.17, (1991)].
2A. F. Popov, Pis'ma Zh. Tekh. Fii5(5), 9 (1989 [Sov. Tech. Phys. Lett.
temperature superconducting ceramic Y8aO, of thick- ,15, (1989]. . _
nesst and a single Iayer of MgO dielectric of thicknegon A. G. Glushchenko, Pis’'ma Zh. Tekh. Fi¥6(21), 26 (1990 [Sov. Tech.
. . . . Phys. Lett.16, (1990].
a SITiO; substrate. For this structure the reflection coeffi- 4. G, Bass, A. A. Bulgakov, and A. P. TetervdRF Properties of Semi-
cient depends very strongly on the angle of incideficthe conductors with Superlatticdén Russiaf, Nauka, Moscow(1989.
. . . 5
thickness of the superconducting fillp and the external é- P. Ma'zze?“ogé u. J-tGa”lagl\*;l‘?f’ l\j”d R. E-lgggd’“gh'Tempefature
magnetic fieldByo. An abrupt increase in the reflection —>/Pereoncueiorentiss. franst, Ml Moscot,

coefficient R is observed when the condition Translated by R. M. Durham
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Study of the growth of YBa ,Cu3;0,_, films on a Al ,0O5 single crystal with a CeO , buffer
sublayer

V. V. Afrosimov, E. K. GoI’'man, R. N. II'in, M. N. Panov. D. A. Plotkin, S. V. Razumov,
V. I. Sakharov, I. T. Serenkov, and A. V. Tumarkin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
St. Petersburg State Electrotechnical University
(Submitted August 28, 1997

Pis'ma Zh. Tekh. Fiz24, 91-95(January 12, 1998

Superconducting YB&Eu0, _, films were prepared by magnetron sputtering opQjlsingle

crystals with a Ce@sublayer. Scattering of moderate-energy ions and x-ray diffraction

were used to show that the films exhibit good single-crystal properties over the entire thickness
up to 2.6um. The hypothesis is advanced that the indentations formed by the growth of

films above “extraneous” phase grains may act as defect sinks19@8 American Institute of
Physics[S1063-78518)01701-7

The initial stages of growth of superconducting films of a spectrometric semiconductor detector with a resolution of
complex composition such as YRau;O;_, prepared by an around 3 keV, mounted at an angle of 155° to the incident
evaporation techniqgue may be accompanied by the formatiobeam. Spectra obtained in the channeling m¥dge) and
of islets of the main phase with differently orientedaxis  with an unoriented beanY,(E) are shown in Fig. 1 for
and by “extraneous” phases whose composition and oriensample No. 3.
tation differ from the main phase. During the subsequent The bulk quality of the film can either be assessed from
growth of the film after the thickness has reached hundredthe experimentally determined dependence of the fraction of
of nanometers, in the first case, a transition takes place frorthe dechanneled beam on the energy of the scattered ions
c-normal toa-normal growthh whereas in the second case,
outgrg\évths or indentations form on the surface of the x(E)=Y.(E)/Y,(E) D
films.~

Here we investigate the quality of a YB2u;0,_, film (also shown in Fig. )l or using the model depth dependence
grown by magnetron sputtering on an,@} substrate with a of the dechannelingx™"(t). The parameters of the function
CeO, buffer layef as a function of the film thickness under x™(t) are selected to obtain the best agreement between the
conditions where “extraneous” phases may form at the ini-experimental curveY (E) and the calculated curvé('(E),
tial stage’> The structure of the films was investigated by obtained by modeling the spectrum in the channeling mode.
scattering of moderate-energy i6dsind by x-ray diffraction Data on the composition and thickness of the films were
analysis while the surface was examined with a scanningbtained by the generally accepted method of modeling the
electron microscope. spectrum in the random orientation mdtEor all the films

We investigated six films of different thicknesses, whichstudied the functiony™(t) is accurately described by the
were determined by the discharge current and the sputterirgnear dependence
time. The characteristics of the films are given in Table I.

The thicknesses of the first four films were determined from  x™(t) = x,+ Dt. 2

the ion backscattering spectra. Assuming close-packed struc-

tures (p=6.35 g/cni), 10" mol/cn? corresponds to 1.72 This function may be compared with the analytic expression
nm, i.e., the thinnest film was 82 nm thick. For the thickestfor the dependence of the dechanneled fraction of the beam
film, the profilometer measurements gave 2600 nm. All theon the depth distribution of defects when the concentration
films were superconducting witff,=88—90 K. For the of these defects is lof:

three thickest films the surface resistance, determined using

the surface resonance at 4 GHz and 78 K, was less than

102 Q. On the surface of all the films, scanning eIectronTABLEI

microscopy revealed indentations occupying between 3%

and 18% of the surface area, their diameter increasing frorpilm Current, Time,  Thickness, D,
0.15 to 0.35um with increasing film thickness. X-ray dif- No. A h  10®mollen? 10 *cmf/mol  Xxo  Xmin
fracyon Qnalyses showed that in film No. 1 the fraction of; 0.2 5 48 18 014 0.0
grains with thec-axis normal to the substrate was at least, 0.4 25 60 2.6 0.10 0.16
94% and for the other films, this fraction was even greater.3 0.2 10 95 2.6 0.07 0.13
Scattering off =240 keV protons in channeling and un- 4 0.2 20 155 18 0.06 0.12
0.2 45 1.6 0.06 0.11

oriented beam modes was used to study the quality of th
crystal structure of the films near the surface and over depth
The energy spectra of the scattered ions were measured usifigeasured with profilometer.

0.4 40 2.6 um* 1.7 0.07 0.11
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n(t) t dences of the scattered ion yield, may reach 0.04. For thin
e T JOUK(S(Z))nk(Z)dZ)a films having indentations whose width exceeds the thickness
of the film, an appreciable contribution g, is made by
3 . , . .
the “extraneous” phase grains lying at the bottom of the
where x;(t) characterizes the dechanneling in a defect-fregygentations, which are not shaded by walls as in thick films.
crystal,n, is the concentrationg, is the dechanneling factor, To sum up, these studies have shown that during growth,
and fy is the scattering factor for typk defects,s is the gt |east to thicknesses of 2,8m, the films retain their ho-
precollisional energy, andll is the atomic concentration in  mogeneous structure over most of the area and the direction
the target. The scattering factd is close to 1 for point  of the ¢ axis remains normal to the surface. Grains of extra-
defects and can be neglected for all others. For a fairly gootheous phases are responsible for the formation of indenta-
quality YB&Cus0;_, single crystal,xi(t) is expressed by tions on the surface but these do not cause any deterioration

; ; _ — ~18 . . . : .
the function(2) with xo=0.03 andD=0.9x10"*® cm?/mol i the crystallinity of the rest of the film and their boundaries
(Ref._ 7. The linear behavior of these fgncho(@) is quite  may even act as defect sinks.
consistent with the behavior of expressi@ assuming that
the defect concentration is constant over depth. The param- This work was supported by BMDF/DVI Project No.
etersy, andD obtained for these films are given in Table 1. 029850(Germany.

The parameteD describes the rate of dechanneling with
Fjepth- The .faCt t_hat this parameter qoeS no't Increase W'ths. N. Basu, T. Roy, T. E. Mitchell, R. E. Muenchausen, and M. Nastasi, in
increasing film thickness, combined with the linear behavior science and Technology of Thin Film SuperconductoBlénum Press,
of x(t) and the fact that the film conserves @srientation ~ New York, 1990, pp. 341-349.

it ; ; ; _ £ “M. G. Norton, C. B. Carter, B. H. Moecklgt al, in Science and Tech-

¥VIth _mcreasmg thickness, as is de?]uceg from. thefX ray dlfh nology of Thin Film Superconductors(Rlenum Press, New York, 1990
raction measurements, suggests that the grains forming the,; 379_3g7.
film have a uniform structure and extend from the interface3R. Ramesh, A. Inam, D. M. Hwang, T. D. Sands, C. C. Chang, and D. L.
with the sublayer to the surface. Hart, Appl. Phys. Lett58, 1558(199).

The quality of the film near the surface is characterized (El'gg'zHo"ma””' A. G. Zaitsev, V. E. Loginoet al, J. Phys. D25, 504
by the minimum yield i, determined from formula1) SE. K. GoI'man, V. I. Gol'drin, D. A. Plotkinet al, Fiz. Tverd. Tela(St.

x<t>=xi<t>+2k

directly after the surface pedin our case at~30 nm) or by Petersburp39(2), 216 (1997 [Phys. Solid Stat&9, 189 (1997)].
the parametel, from formula (2) corresponding td=0. bv. V. (Afrosimov, G. O. Dzyuba, R. N. Il'iret al,, Sverkhprovodimost,
1767(1997).

The values of_the parametgf,, are also given In '_I'able Loy Afrosimov, G. O. Dzyuba, R. N. Iiret al, Zh. Tekh. Fiz.66(12),
An analysis of the minimum yield data given in Table | 76 (1996 [Tech. Phys41, 1240(1996)].

shows that for thick films this is mainly determined by the ®L. C. Feldman, J. W. Mayer, and S. R. PicraMaterial Analysis by lon
value of y, for the single crysta(0.07—-0.08(Ref. 7)) and ~,Channeling(Academic Press, New York, 1982

by the misorientation of the blocks whose contribution, esti- - 'SMwara and S. Furukawa, J. Appl. Phys, 1686(1976.

mated according to Ref. 9 from our measured angular depertranslated by R. M. Durham

42 Tech. Phys. Lett. 24 (1), January 1998 Afrosimov et al. 42



Stressed state of a matrix and an inclusion made from a twisted composite
superconductor in cladding when a circular current interacts with a magnetic field

E. A. Devyatkin
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This paper discusses the stressed state of the matrix and a long wire made from a twisted
multicore composite superconductor and encased in cladding when the circular component of the
transport current interacts with a magnetic field. 1©98 American Institute of Physics.
[S1063-785(108)01801-1

References 1-3 discussed the stressed state of the matrix _ 1 _
and a long cylindrical inclusion made from a twisted multi- ~ Au%+ ———; grad divuV=—
core composite superconductor with a transport current, 1-2v
caused by the interaction of its longitudinal component withwhereA is the Laplacian, anG®=E®/[2(1+ )] is the
a magnetic field. It was shown in particular that the epoxyshear modulus of the wire. The volume forcén the case
resin often used as the matrix in superconducting magnetsonsidered here has a radial comporigrand an axial com-
and possessing low shear strefigth=(1-6)x10° Pa  ponentf,. The displacements®® outside the saturated zone
when the critical current density is 4@/m? in a wire with  satisfy similar homogeneous equations. We assume that, far
radius 103 m cracks in an external magnetic field of 2—12 from the inclusion, the matrix is not load¢e(™ (=) =0].
T. The ratio of the circumference of a wire of twisted mul- The fact that the media are cemented means that there are no
ticore composite superconductor to its pitch can be severdliscontinuities of the displacements, the normal stresges
tens® consequently, the interaction of the circular componenf" the tangential stresses at the boundaries of the regions:

of the current with the magnetic field must in general be  [u]=0, [¢,]=0, [o,]=0 for r=6,1,5, . 2
taken into account. Below we study the stressed state of the
matrix and the wire in the cladding when such an mteractlonWith a transverse field, directed along thex axis. The

oceurs. ) _ - ) ) volume force acts along the wire and is equal to
Let us consider a wire consisting of a single twisted; _

X ) > f,=—jsB, cosd. We shall assume that the displacements
multicore composite superconductor “soldered” to an infi- 5. independent of thecoordinate?) Then, from Eq(1), we

nite nonferromagnetic matrix, surrounded by a cladding of,5yve for their longitudinal componemé” Poisson’s equa-
radius 5, and lying in an external homogeneous magneticion in a saturated field and Laplace’s equation outside it.
field with inductionB, . Let the external field vary with time  Continuous solutions of these equations, bounded at the axis
slowly enough that no macroscopic screening occurs. Aof the inclusion and damping at infinity, with corresponding
transport current, monotonically increasing with time and continuous stresses tangent to the boundaries under consid-
less than the critical valugs (I1<Ig), flows in the region eration, are
5<r<1 (see Fig. 1, wheres*=1—1/14.° We shall assume a 1
that the superconducting properties of the wire are indepen-  (i)__< ()~ 3 -1
dent of the stresses and strains; that a macroscopic approach "z G“)r cosb, \; G» (brWr+or)coss,
and the quasi-static approximation are valid when describing
its physicomechanical state; that the inclusion, the cladding, u(® =
and the matrix are linearly elastic, homogeneous, and isotro- > G(©
pic; and that their Young’s moduli and Poisson ratios equal, 0 Q) 5 L
respectivelyE® andv® (k=i,e,m). In the saturated zone, oz =2 €080, o =(b+2Wr —cr “)cosé, 3)
a Lorentz forcd=j4X B acts on a wire in a magnetic fiekl
Let us find the stresses in the media, caused by the interac-
tion of the circular componeng, of the transport current a(aiz)z—a sin 4, agz)z—(bJrWrZJrcr‘z)sin 0,
density vectorj; with the magnetic fieldsee Fig. 1 For
smallx,, defined as the ratio of the circumference of a wire
made from a twisted multicore composite superconductor t¢ere and below, the displacements are dimensionless,
its pitch, we havej(,;)\pjsr.5 The magnetic fieldB is a W= a, Wi[2(1- 891, WJZ(BJ(J'))Z/(ZMO), Bj(i) is the mag-
superposition of the external fieR},, which has a transverse netic induction of the circular currents in the regioss0
component8, and an axial componer® (B,=B, +B)), <4, a, =B, /B{"), andu, is the permeability of free space.
and the field B; of the circular currents of the wire The coefficients, normalized tov2(1— 5%, equal
(B=B,+B)). ' ) )

The equilibrium equation for the displacementd in a=b+ 6" __13+¢6 By (14 By)
the saturation zone has the fdrm 1- 6 21462 "t 2

0’ (]

Let us first consider the interaction of a circular current

_ g _
(dr+er Ycos#, u(zm)=mr L cos o,

o'¥=(d—er ?cosf, o'M=-gr?cosd,

og)=—(d+er ?sing, ol=—gr ?sine.
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(5
() Here
'////6 1/]6, = P=[(1—2v")/(1—») W, /[126D(1— 8?)],
=B, /B{",
2 2-6° 212
A=B-3P¢ 2aH+1 g =P(1-69) (2+301||)
E(e) yle)
+(1+x)D,
et poc-_F —VWU1+¥N2+3 )—1]
X 5i+)( 6 “
G 1 -t
1 48 X ———f{lfm—G@)——————X) ,
szm, 1—2pW 1-2®
2 @ 3-26?
=—f1, e=p6182, 9=p1(5;+B2), C=-Pé 3a||+ > |
where 1=o
. _ _ (e Gm -1
G t GM+Ge© ) P el B 5
B1= @(1—&)—1—[32 : Bz=5im- X * 1-2v@\ G© ' ®)

A superposition of the solutions obtained in Refs. 2 and

3 and determined by Eq$3)—(6) makes it possible in gen-
eral to calculate the stress—strain state of a matrix and a long
wire “soldered” to it and made from a twisted multicore

. . ! f:omposite superconductor with a transport current in the
ume force in this case has only a radial componen Lo ) o
f.=,(B:+B,). From Eq.(1), we have ordinary differential presence of an arbitrarily oriented external magnetic field.
redon = e Y Numerical estimates based on a solution of Egsand (4)

equations for the radial displacements in each region. For h . : : :

: . s ... show that, in the practically interesting case of a strong trans-
flat deformed state, their solutions, satisfying the condltlonsverse field and an epoxv matrix. the limiting stressed state of
at the interfaces of the regions given by E#2), the bound- poxy ' 9

. . . the matrix and of a thin cladding similar to it in elastic
edness of the stresses on the axis of the inclusion, and the iod .
fact that they vanish © are propertieS can be analyzed with an accuracy no worse than
' 1-2%, starting from the solution obtained in Ref. 2.
0 © E m F The results of this paper can be used to analyze the
U =Ar, u=Dr+o, U=, stressed state of design el ini
r r gn elements containing superconductors

that weakly elastically interact with each other.

Let us now consider the interaction of the circular cur-
rents with the longitudinal component of the magnetic field,
equal to the sum of the field of these curreits=B{
X(1-r?)/(1— 6% and the homogeneous fieBf . The vol-

2\ cC
+ —, Ysuch a state occurs, for example, in a thin ring made from a twisted

r multicore composite superconductor situated in a magnetic field perpen-
dicular to its plane. Foix>0 and x<0 (see Fig. 1 the longitudinal
2cMHA Lorentz forces are equal in magnitude and oppositely directed.

3—r
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Superconducting-coil—resistor circuit with electric field quadratic in the current
N. A. Poklonskil and S. Yu. Lopatin

State University of Belarus, Minsk
(Submitted April 16, 199y
Pis'ma Zh. Tekh. Fiz24, 7-11(January 26, 1998

It is shown for the first time that the observiehys. Lett. A162 105(1992] potential

difference®, between the resistor and the screen surrounding the circuit is caused by polarization
of the resistor because of the kinetic energy of the electrons of the superconducting coil.

The proportionality of®, to the square of the current and to the length of the superconducting
wire is explained. It is pointed out that measurirg makes it possible to determine the

Fermi quasimomentum of the electrons of a metal resistor1998 American Institute of Physics.
[S1063-785(108)01901-9

Edwardset al? observed the appearance of an electricet al’s results to be regarded as a manifestation of these
potential that was quadratic in the currérin a resistor that effects(see also Refs. 1 and.ZThis served as the basis for
formed a closed circuit with a superconducting coil relativethe discussion of Refs. 7—10 on the relativistic invariance of
to a grounded screesee Fig. 1. They showed experimen- the equations that describe the total charge of a closed sys-
tally that the potential difference between the center of théem with a current(In the recent “optical” experiment of
resistorR and the screen satisfi@g,=<bl?, whereb is the  Ref. 16, the Lorentz transformations were confirmed with an
length of the superconducting wire. The valuedsfis vir-  accuracy of K10 °.)
tually independent of the configuration inductance of the  The goal of this paper is to interpret the experiments of
coil, L,~800 xH, which is minimized by bifilar winding. Edwardset al.'?

When the current i§=16 A andb~700 m, forR=82 u(}, We start from the fact that the total energy of a super-
a typical value isb,~5 mV. The time constant of the circuit conducting coil with current is the sum of the magnetic-

is 7=L./R~10 sec. A superconducting wirg\bTi, pure field energyL .1%/2 and the kinetic energl{ of the directed

Nb, and also Pbwith a diameter of 2~127 um was cov- motion of the electrons. For a coil wound with wire 2n

ered with a copper laydthickness 1um) whose resistance diameter and in length, the kinetic energy of the electrons
was much greater thaR. The coil and the resistor were ist’
immersed in liquid helium; the signal wire of the electrom- Ld2  uohb

eterV was connected to the center of the resistor. The resis- K= ——="2"—"2, 1)
tor and the electrostatic screen were made from brass. 2 8ma

In principle, a steady-state electric field quadratic in cur-where L, is the kinetic inductance\<a is the London
rent appears along a rectilinear superconductor of finiteurrent-excitation depth in the wire, apg is the permeabil-
length® However, for a closed circuit, it is necessary to takeity of free space.

into account the retardation of fielfom charges moving Under the conditions of Edwardg al’s experiment, the
with acceleration because of the rotation of their current vetotal inductance of the coil ik;=L.+L,~L.
locity vector (this was neglected in Ref)5When a consis- After the resistor is added to the superconducting circuit,

tent treatment is used, it is found that there is no electric fieldhe current damps out and an induction electric field appears,
around a superconducting circuit with a steady-state cufrentaligned with the current. The induction potential difference
At the same time, it is shown in Ref. 7 that, if the ratio of the at the ends of the resistor i§;~ — L dl/dt=IR; the poten-
distance between the “superconducting” electrons to theial of the center of the resistor §B;=U;/2 (here and below,
distance between the atomic resid(ib® ions is assumed to relative to an infinitely remote point, where the potential is
be equal to\1— 3%, where g is the ratio of the current setequal to zedoA potential®,, proportional to the current
velocity of the electrons to the velocity of light, the total in the coil, appears at the point where the electrometer is
electric field is proportional tg82 even when it is averaged grounded, as a consequence of the mutual inductance of the
over a sphere surrounding a circuit with a current. Howevergircuit and the screen. It is clear thdt, has different mag-
this assumption has not been pro¥etf nitudes(and signgat different sections of the screen because
The appearance of an electric field proportiondl@ean  of the vortex character of the currerits.
also be caused by the accelerated motion of charges in the At the initial instant when the resistor is connected into
curvilinear section of a conductdt by the redistribution un-  the superconducting circuit, all of it$ conduction electrons
der the action of the intrinsic magnetic field of the electricare displaced by the mean free péttelative to the atomic
charge densitythe radial Hall effegt®*3or of the currentin  residues, in the direction opposite the current. As a result, the
an electrically neutral metal mediutthe pinch effeqt'* as  resistor is polarized, thereby consuming part of the energy
well as by the difference of the cross-sectional area of difstored in the superconducting c8il*° The potential energy
ferent sections of a conductdthe Bernoulli effect™®*®  of the polarization iaV=E P/2, whereE is the electric field,
However, quantitative estimates do not allow EdwardsP=qlIN is the dipole moment, and>0 is the electronic
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quasi-momentunpg=7#(372n) Y at the Fermi surface. Sub-
stituting the valued. ~ 38 nm(for Nb and Pk andl~10 nm
(for brasg into Eq. (2), with I =16 A gives®,~4 mV and
®;~0.65 mV. The potential difference
O~P, =P,—d;~3.3 mV (for ®,=0) is comparable with
the experimental value.

The sign of®,=®,—®, must be independent of the
direction of the current in the circuit for a given electrical
configuration.

Note that, when«pg/n, ®,%\/pe follows from Eq.
(2); i.e., the Fermi quasi-momentupy of the electrons in
the resistor can be determined by measurdng-®,, .

Thus, the superconducting-coil-resistor circuit in Ed-
wardset al’s experiments? has an electric field that is qua-
dratic in current because the polarization electric field of the
resistor predominates over the induction field. In a well-
FIG. 1. Schematic representation of the measurements of Edwaals"? known sense, Edwardst al's experiments supplement the

experiments of Tolmaet al. (see Ref. 2], who measured a
damped current in a closed circuit, caused by the motion of
o o the conduction electrons due to inertia after the removal of a
charge. The polarization potential difference on the ends of fotating nonsuperconducting coil.
reS|stor_ of Ie_ngthj is U,=Ed; the potential of the center of We are grateful to I. Z. RutkovskiG. S. Kembrovski
the resistor isbp=U /2. o and V. V. Mityanok for discussions.
Since the energyV consumed by the polarization of the This work was carried out within the Low-Dimension

resistor  is ) limited to K, from the relationship gystems Program of the Ministry of Education of the Repub-
U,P/2d=L,1</2 and using Eq(1), we get the estimate lic of Belarus.

L% \b
Lk Mo |2 @)

P 2qIN  8mqalSn ’ .
W. F. Edwards, C. S. Kenyon, and D. K. Lemon, Phys. Rel4D922
wheren=N/Sd is the density of conduction electrons in a _(1976.

resistor with cross-sectional ar&aand lengthd. *D. K. Lemon, W. F. Edwards, and C. S. Kenyon, Phys. Letl6®, 105
=9 . (1992.
It follows from Eq.(2) that the polarization potentidb, 3V. V. Mityanok and N. A. Poklonski zh. Tekh. Fiz.63 No. 1, 189

is proportional to the square of the current and the length of (1993 [Tech. Phys38, 49 (1993].

the superconducting section of the circuit but is independentL. D. Landau and E. M. LifshitzThe Classical Theory of Fieldauka,
of the Iength of the resistor Moscow, 1988; Pergamon Press, New York, 1975

.S . . . 5V. N. Strel'tsov, Soobshch. OlYal Dubna, No. D2-92—1961992.
At liquid-helium temperature, the contribution of the ad- s; 5 jacksonClassical ElectrodynamicéWiley, New York, 1975.

ditional resistance of the resistor—superconductor junction’T. Ivezic, Phys. Lett. AL62, 96 (1992.
(the critical temperature is=10 K) to creating a potential 2D- F. Bartlett and W. F. Edwards, Phys. Lett.182, 103(1992.
difference at the ends of the resistor is negligile. 102' E"';}nzg{sbhsg' felt?ZAfgz(lggfa'ggz)

Provided thatq(U,—IR)=2q(®,—®;) remains less LA R. Apsit, Fiz. Tekh. |50Iuprovodr26, 1.850(1992 [Sov. Phys. Semi-

than the energy gap of the superconductsr3( meV), the cond. 26, 1039(1992].
current in the circuit ceases. 12M. L. Martinson and A. V. Nedospasov, Usp. Fiz. Nal&3 No. 1, 91

The potential difference between the resistor and thQSggfgggfhgﬁygsé’s&z?ﬂlg?g@
screen measured in Edwards al’s experiments is thus g A Kaner, Yu. G. Leonov, and N. M. Makarov, Zhkep. Teor. Fiz93
=P, —d,, whered,=d,—P; is the potential of the  2020(1987 [Sov. Phys. JET®E, 1153(1987)].
. . . . . 15
center of the resistdithe point where the signal wire is con- leg- S_*I‘eﬁe(;' JPfI‘_VSHRIFVFf%AF: 907L(1;i‘9-1697(1990
. . . . . HIIs an . L. Rall, yS. ReV. Le ) .

nleCtted’ antd(b“ is the potentlal of the groundlng point of the 17V. V. Shmidt, Introduction to Superconductor Physi@dauka, Moscow,
electrometer. 1982.

From the parameters of a brass resist@r 82 u(}, izv. G. Polevd, Izv. Vyssh. Uchebn. Zaved. Radiofi23, 818(1990.
d=14 mm, and S~0.1 CrT?, we find its conductivity M. A. Miller, 1zv. Vyssh. Uchebn. Zaved. Radiofi29, 991 (1986.

20 S . . o
. 1 _ 1 . I. S. Grigor'ev and E. Z. M#iikhov, Eds.,Physical Quantities. A Hand-
o~1.6x10PQ "t cm . According to the data of Ref. 20, book (Energoatomizdat, Moscow, 1991

the density of conduction electrons in br&€sy, _,Zn,) with 211 M. Tsidil’kovskit, Usp. Fiz. NaukL15, 321(1975 [Sov. Phys. Uspl8,
an atomic density of 8.65-gm ™3 for x~0.2 isn~9.8x 10?2 161(1975].
73 . . .
cm ®, A’[2 liquid-helium temperature, the mean free path . sated by W. J. Manthey
| =pro/g“n of the conduction electrons is determined by theEdited by David L. Book
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The possibility of improving the structural perfection of the new heterojunctions
GaAs—(Ge,);_,(ZnSe),, Ge—(Ge,);_,(ZnSe),, GaP-(Ge,);_,(ZnSe),, and
Si_(GeZ)l—x(Znse)x

A. S. Saidov, E. A. Koshchanov, and A. Sh. Razzakov

Physics-Sun Physicotechnical Institute Scientific Manufacturing Organization, Academy of Sciences of the
Republic of Uzbekistan, Tashkent

(Submitted April 30, 199y

Pis'ma Zh. Tekh. Fiz24, 12—-16(January 26, 1998

Based on morphological investigations, as well as on a study of the scanning patterns and
diffraction spectra of the heterostructures GalGe,); ,(ZnSe,, GeHG&);_4(ZnSe,,
GaP«Ge&),_«(ZnSe,, and Si<Ge&,);_«(ZnSe,, it is shown that the crystal perfection of these
structures depends on the choice of the conditions of liquid-phase epitaxy. It is shown that
mirror-smooth epitaxial layers of3e,); _4(ZnSe, with the lowest stress levels can be obtained
on GaAs(100 and Ge(11l) substrates. ©1998 American Institute of Physics.
[S1063-785(10802001-1

Since the practicability of using any particular kind of the same situation when we attempted to grow layers of
heterostructure is mainly determined by its crystal perfec{Ge,);_«(ZnSe, solid solutions on silicon substrates.
tion, the study of defect formation in the resulting hetero-  The quality of the epitaxial layers dfGe,);_,(ZnSe,
junctions, both in the region of the heteroboundary and in thgrown on GaAs and Ge substrates also depended on the
bulk of the epitaxial layer, is one of the most importantforced cooling rate, which was varied in the interval 1-5°/

stages in semiconductor device technology. min. The optimum cooling rate for obtaining mirror-smooth
This paper presents the results of studies of the structurddyers of the solid solutiofGe,);_.(ZnSe, was 1-1.5°/
perfection of the heterojunctions GaA$e);_«(ZnSey, min, which corresponded to an actual crystallization rate of

Ge—Gg,)1_,(ZnSe,, GaP«Ge);_4(ZnSe,, and the layers of 0.17—0.Z2m/min. The structural perfection of
SiHG&),_4(ZnSe, as a function of the conditions under the layers thus grown, other conditions being equal, also de-
which they are fabricated. We were the first to obtain thes@pended on the ga@ between the horizontal substrates,
heterojunctions by growing epitaxial layers of solid solutionswhose value can be varied in the interval 0.25-2.5 mm by
of (G&);_,(GaAs,, from a tin solution—melt bounded by means of special graphite supports. For gap§<00.35 mm,
two horizontal substrates by the method of forced coating. no growth of epitaxial layers was observed in general, prob-
Single-crystal plates of GaAs, Ge, GaP, and Si orientecbly because the substrates are not wetted by the solution—
along the(111) and (100 directions served as substrates. melt. The layers of solid solutions that were most perfect in
Preliminary experiments showed that the basic condistructure both on the upper and lower substrates are grown
tions that are imposed on a solution—melt when growingwith gapsé lying in the interval 0.35—0.8 mm. Fa$>0.8
solid solutions of theIV,);_,(llI-V), clas$? also need to mm, the quality of layers grown on the lower and upper
be created when growing solid solutions of thesubstrates differed greatly. The quality of the epitaxial layers
(IV5)1_x(I=VI), class. Therefore, the process of growinggrown on the lower substrates was always higher than in the
layers of the solid solutions in question was preceded by éayers grown on the upper substrates. This was also reflected
careful selection of the appropriate solvent, the solution-in the surface dislocation density of the as-grown layers.
melt composition, and the temperature interval of growth, aghis difference increased with increasiag In our opinion,
well as by preliminary experiments on the solubility of ZnSethis is associated with the fact that convection flows become
in a multicomponent liquid phase. Morphological studies ofpredominant over molecular diffusion in the mechanism by
the cleavage face of the structures and of the surface of th@hich mass is supplied to the crystallization front as the gap
epitaxial layers, carried out with an MIM-8M metallographic increases, as we established eaflier.
microscope, showed that mirror-smooth epitaxial layers of The x-ray fluorescence spectrum of the layer surface
(G&y)1_y(ZnSe, grow on GaAs substrates oriented in the contained peaks corresponding to germaniuke (244
(100) direction and on Ge substrates oriented in ¢th&l)  mA), zinc \=1306 mA), and selenium X=1105 mA),
direction. As expectedsince the lattice mismatch is 4% while a determination of the layer composition through the
continuous epitaxial layers dfGe,);_,(ZnSe, of satisfac- thickness by means of an x-ray microanalyzer showed that
tory quality cannot be obtained on GaP substrates. At théhe ZnSe concentration in the layer increases along the
temperature at which epitaxy begingys=660 °C, only  growth direction. The rapidity with whick varied over the
growth islands are obtained on GaP. Although the growttthickness depended on process factoithe growth-
islands melted into each other as the temperature at whictemperature interval, the gap between the substrates, the
epitaxy begins is increased, forming a continuous layer, sucholution—melt composition, the crystallization rate, ketc.
layers had a matt surface and numerous cracks. We observitbreover, it was found that the ZnSe concentration in the
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1b). The crystal lattice constants, estimated from the angles
of the diffraction maxima, lie in the interval
(5.655—5.662) 0.005 A. If we assume that Vegard’s law is
valid, we get a=5.662 A for solid solutions of
(G&)1_x(ZnSe, with a composition ok=0.5.

Since the lattice constants of the GaAs subst(até54
A) and the solid solutioriGe,);_,(ZnSe, almost coincide
L/ within the limits of measurement error, it can be assumed
that the individual maxima of the corresponding crystal lat-
n i a A L + e tices of the substrate and the epitaxial layer coincide in the
<~ 20, grad 30 50 30 diffraction spectrum. It should also be pointed out that the
epitaxial layers of solid solutions ¢6e,), _,(ZnSe, grown
on the lower substrates are distinguished by good monocrys-
tallinity and the smallest stress levels; this is evidenced by
the absence in the diffraction pattern of peaks corresponding
to phases that differ from the initial values. At the same time,
additional peaks corresponding to interplane distances
d;=1.81 A andd,=3.55 A, as well as shallow maxima
located symmetrically relative to the(400) and B(400)
maxima of the initial phases, are detected in the diffraction
spectrum(see Fig. 1b of layers grown on the upper sub-
strates(i.e., with accelerated growthThe additional peaks
can apparently be associated with the possible formation of
phases of the wurtzite modification of the solid solutions. As
many as fourteen similar symmetéical shallow peaks were
FIG. 1. Diffraction patterns of GaAgEe,);_,(ZnSe, heterostructures also observed by Abdikamalost al.” in multilayer GaAS._
grown on the uppefa) and the lower(b) substrate. ZnSe structures. However, they detected no connection of
the shallow maxima with either the crystal structure or the
chemical composition of the multilayer structures.

In conclusion, we should point out that, by choosing the
conditions of liquid-phase epitaxy, it is possible to obtain
structurally perfect graded-gap epitaxial layers of
&Sez)l_x(ZnSe)x solid solutions on GaAs and Ge substrates.

!' growth conditions of the solid solutionsee Figs. 1la and
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interface region increases with the temperaflygs at which
crystallization begins from 46 mol% &t,,.=580 °C to 72
mol% atTs=680 °C.

Raster scans of a cleavage face of the structure and
the surface of the layers, measured at the characteristic x-ray
linesK ,(Ge), K,(Zn), K (S8, K ,(Ga), andK ,(As), showed _ .
that macroscopic defects and metal inclusions are absent A.' A?.Rizgg\\//é,DiHXt-)s?;%?gogf 'g;'p';féhgfhﬁ]go‘gcfe'nﬁgéiﬁiiz;'fo&r?_nd
both at the interface and in the bulk of the layer and that the ference on New Inorganic MaterialFashkent, September 1820, 1996,
distribution of the Zn, Se, and Ge components of the solid p. 98.

Solutlon |S homogeneous over the Surface Of the epltaXIale S. SaidOV, EA. KOShChanOV, B. Sapaev, and G. N. KOVardakOVa,
Iayer Dokl. Akad. Nauk Uz. SSR. No. 2, 2@988.

. 3Zh. I. Alferov, M. Z. Zhingarev, K. G. Konnikoet al, Fiz. Tekh. Polu-
The structural perfection of the layers thus grown was provodn.16, 831 (1982 [Sov. Phys. Semicond6, 532 (1982].

also studied by x-ray diffraction on a DRON-UM1 appara- “A. S. Saidov, EA. Koshchanov, A. Sh. Razzakov, D. V. Saparov, and
tus. The diffraction spectra were obtained by continuous re-_ V- A- Rysaeva, Uzb. Fiz. Zh. No. 1, 18997.

. . 5B. A. Abdikamalov, B. Atashov, M. D. Disenbaev, and U. K. Ernazarov,
cordlng at the lines of the copper anoc}eaé 1.5418 A and in Abstracts of Reports of the Second International Conference on
\z=1.3922 A. The anode voltage and current were 30 kV Mmultilayer Graded-Gap Periodic Semiconductor Structures and Devices
and 10 mA, respectively. The exposure time was varied in Based on ThepNukus, 28—-30 September 1993, pp. 17-18.
the interval 1-3 h. It was found that the shape and location, g by W. J. Manthey

of the diffraction peaks in the spectrum depend on theedited by David L. Book
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Optical amplification in a planar multichannel Mach—Zehnder interferometer based
on metal-semiconductor—metal structures

N. M. Ushakov and K. Yu. Kravtsov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences (Saratov Branch)
(Submitted June 25, 1997
Pis’'ma Zh. Tekh. Fiz24, 17-21(January 26, 1998

This paper describes a new optoelectronic device—an optical transistor that provides power
amplification of output visible radiation. The optical transistor is structurally based on a metallized
semiconductor plate with a microchannel gap in the form of a planar Mach—Zehnder
interferometer. A device of the light—light type is controlled by modulating the refractive index

in one arm of the interferometer. @998 American Institute of Physics.

[S1063-785(08)02101-9

A refractive-index change in the optical region sufficient An overall view of the optical transistor is shown in Fig.
for practical applications has been obtained comparativelfl. Reference radiation is introduced into the interferometer
recently by means of photoinduced free carriésee, for through the inpuiend of the semiconductor substrate in a
example, Ref. I Modulation and switching of the light— microchannel waveguide. The carrier concentration in the
light type have also been obtained through photoinduced pefaveguide is varied by means of continuous compensating
turbation of the refractive index in photoconductive planaryisiple radiation incident on one arm of the interferometer,
and channel waveguides based on sil?co‘mq gallium a4 the refractive index is thereby changed in this arm of the
arsenidé and in concentrated structures op-an junction” waveguide. When this is done, the necessary phase shift is

This paper proposes a new optoelectronic IIght'created to provide the minimum value of the output optical

controlled device for modulating and amplifying light S'gnalsj)ower(the transistor shuts 9ff The optical controfmodu-

with metal—-semiconductor—metal structures, which could b ating) beam is introduced through the other arm of the in-

widely used in optical information-processing systems an . .
fiber-optic communication lines. terferomﬁter. ThllT <I:auses a Ehar\]se §h|ﬂfd|ﬁerent fnorb((aj- A
The optical transistor is a planar Mach—Zehnder inter-Ween the parallel arms of the Interferometer, and the

ferometer based on a metallized semiconductor plate with diation intensity at the output of the optical transistor in-
gap in the form of a microchannel structure in parallel Créases. The entire structure of the metal electrodes is con-
waveguides. The structure of the waveguides h¥sshaped nected to an external source of electric field, which provides
branching at the input and output, an optical-wave phas@ field of E=10" Vicm in the gap. In this case, the gap is
compensator, and a control element consisting of the opegomparable with the width of the depletion region of the
gaps of the microchannel waveguides. Such structures coukEmiconductor.

have extensive applications, because the fabrication process The dependence of refractive indeon the carrier con-

is simple and comparatively cheap. centrationN has the forrfi

FIG. 1. Overall view of optical transistort—active
layer, 2—metal electrodes3—control signal (input),

4—compensation  signal, 5—reference  signal,
6—output signal.
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FIG. 2. Optical gain vs input optical power for
1=0.3 mm(1) andl=1 mm (2).
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n=ny— (Ng%/2eqm* w?),

whereng is the refractive index in the absence of a nonequ
librium concentration of free carriers, is the charge of an
electron,gq is the permittivity of free spacen* is the effec-
tive massmy is the mass of a free electron in vacuumjs
the circular frequency of light, and is the nonequilibrium
carrier concentration in the semiconductor.

120

Figure 2 shows the results of calculating the gain of an
optical transistor on semi-insulatinggGaAs, provided that
the power of the reference signalfRg=0.1 W, the length of
the arm isL=0.3 mm(1) and 1 mm(2), and the wavelength
of the light isA =1 um. When a control signal with power in
the range 1-10 mW is used, the gain for cé%gequals
13-14 dB and has a dynamic range of 2—-12 mW in the

To maintain a lower-order mode, it is necessary thatcontrol signal. Here “dynamic range” refers to the limits of

An=10"%. Using, for example, the parameters foiGaAs
(m*=0.067ny, w?=3.6x10°° Hz?, andny,=3.16), we get
An=2.5x10"2'N (in Sl unit9. For a value ofAn=10"%,
we getN=10"m"2 (or 10" cm3).

the input optical control power for which the gain varies by

no more than 3 dB. Increasing the length of the arm to 1 mm,
other conditions being equal, reduces the power of the con-
trol signal by a factor of 4-10, broadens the dynamic range

In a Mach—Zehnder interferometer, the optical signal iSby a factor of 2.5, and increases the gain by 5—6 dB.

modulated through either arm of the interferometer.
Since the light is modulated by meansRyjf, the gainG
of an optical transistor will be defined as

G=Pou/Pin=lou/lin=GCo SinZ(ACI)/Z),

where Go=Py(77/hvVAN) is the maximum gain of the
optical transistorP, is the power of the reference signal in
W; 7 is the quantum efficiency of the photoelectric con-
verter; 7 is the nonequilibrium carrier lifetime in the semi-
conductor in sech is Planck’s constant in-3ec; v is the
frequency of light in sec!; V is the absorbing volume in
m?; AN is the change of the carrier concentration inin
Ad=2xLAn/\ is the change of the phase shift of the light
wave in the controlling arm of the interferometér;is the

! B. R. Bennett, R. A. Soref, and J. D. Alomo, IEEE J. Quantum Electron.
19, 1525(1990.

2p. D. Colbourne and P. E. Jessop, Electron. 124£.303(1988.

3Z.Y. Cheng and C. S. Tsai, Appl. Phys. L&, 2222(1991).

4P. G. Kasherinov, A. V. Kichaev, Yu. N. Perepelitsgh al, Preprints
Nos. 1569 and 1570, loffe Physicotechnical Institute, St. Petersburg, 1991,
parts 1 and 2.

SN. M. Ushakov and K. Yu. Kravtsov, “An optical transistor,” Russian
Federation Patent No. 202899, Byul. 23. Cl. G 02 F 3/0@94).

6G. S. SvechnikovElements of Integrated OptigRadio i Svyaz’, Mos-
cow, 1987.

length of the arm in mAn is the change of the refractive 1,,,sated by W. J. Manthey

index; and\ is the wavelength of the light in m.
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A universal expression for the propagation rate of the normal phase over a high-
temperature superconducting film with a transport current

N. A. Buznikov and A. A. Pukhov

Joint Institute of High Temperatures, Moscow Center for Research in Applied Electrodynamics Problems,
Russian Academy of Sciences, Moscow

(Submitted May 13 1997

Pis'ma Zh. Tekh. Fiz24, 22—26(January 26, 1998

The transport-current-initiated propagation of the normal phase over a high-temperature
superconducting film located on a thermally stabilized substrate has been studied theoretically. A
universal expression for the propagation rate of the normal phase is obtained that takes into
account the influence of the substrate on the evolution of thermal instability in the film and can be
applied for an arbitrary dependence of the critical current on temperature. The resulting
expression is shown to describe the experimental data satisfactorilyL998 American Institute

of Physics[S1063-785(18)02201-0

The breakdown of superconductivity by the transportThe specific power of the heating of the film by the transport
current in a high-temperature superconductiig SC) film current in the simplest approximation can be approximated
is associated with the onset of thermal instability in it. Theby the step functichQ(T)=(pl?/W?D?) »(T—T,), where
asymptotic behavior of the nonlinear stage of the instabilityp is the resistivity of the film in the normal statk,is the
is characterized by the propagation over the film of a normaliransport currentWV is the width of the film,T,(l;) is the
phase front, moving with constant velocity. A number of temperature of the resistive transition, determined from the
paper$~ have reported the propagation ratef the normal  conditionl (T,) =1, and7(x) is the Heaviside step function.
phase, experimentally measured for HTSC films with various  For typical ratios of the film and substrate parameters,
temperature dependences of the critical curtgfit), with  D;<Dg, kiD;<ksDs, andC;D{<CsDg, EQs.(1) and (2
various cooling conditions, and also with various regimes forsimplify.> Let us assume for simplicity that the temperature
introducing current into the film. In this paper, a universaldependence of; andks can be neglected. Then, in a coor-
expression is obtained for the rate at which a normal-phasdinate system comoving with the normal-phase front
front propagates over an HTSC film placed on a thermallyz=x+wvt), Eq. (2) takes the form
stabilized substrate, yielding a satisfactory description of the 5 )
results of experiments. ﬂ ﬂ_ C_S ﬂ:

k i + v-T—- 0, O<y<Dq, (3

The propagation rate of the normal phase over the film 922 = gy? Ks 9z

substantially depends on the distribution of the temperatur\elzvhile Eq. (1) and the condition of thermal stability of the

field through the thickness of the substrate, whose reverse . . )
N L 5 reverse side of the substrate transform into the following
side is thermally stabilized at a temperaturelgf> To com-

pute the propagation rateof the normal phase, the film and boundary conditions on Eqg):

the substrate must be treated separately, as two interacting 4T pl3(Te—To)
thermal subsystems. The temperatliria a film of thickness EN TS WIT.(1)—To] “7(2), Tly=p =To.
D; and a substrate of thicknesshs described by y=0 sof r 0 @
C ﬂ: 9 K aT QT+ E T HereT, is the critical temperature. The conditions given by
Pat — ox|"Tox Delay/|,_p’ Egs. (4) mean that, far from the normal-phase front, the
—Hf

HTSC film is in a homogeneous superconducting state
0<y<Ds, (1) [T(z,0)=T, for z— -] and a homogeneous normal state
[T(z,0)=To+ pl?D¢/kW?D? for z—oc], while the origin
C—i—i( ﬂ)+i(kﬂ) D <v<D.+D along the z axis is chosen so that the condition
STot ox|Sax | ay\ (Say)r PfEYSPTPs 100)=T,(1) is satisfied. Equationg3) and (4) can be
(2)  solved by separation of variables, which gives the following

HereC; andC, are the heat capacities akgdandkg are the expression for the propagation rateof the front:

thermal conductivities of the film and the substrate, respec- 1
tively, Q(T) is the specific power of the Joule heatingis 1-2¢=2 ., 6)

the longitudinal coordinatén the direction of the currejt k=0 NV1+(2hwn/v)

andy is the coordinate transverse to the surface of the filmwhere A = 7w(2k+1)/2, v,=ks/CsDs is the characteristic

It is assumed in Eq.1) that, for a typical relationship of the thermal velocity, and=kDW?[T,(1)—To]/pl?Ds is a di-
parameterskiDs>k,D¢, the temperature of the film does mensionless parameter that characterizes the ratio of the heat
not vary in the transverse direction, while the last term dedissipated into the substrate at the normal-phase front to the
scribes the heat dissipation from the film into the substrateJoule self-heating of the normal region. Equati{nreduces

o
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FIG. 1. Comparison of the theoretical dependence given by(Bqwith

experimental data? 1—variation of temperaturd, for a fixed current
1=1.33 A; Dg=5X10"% m, Ca=9x10*J- m 3K %, k=20 W-m K™%,

D;=10% m, W=15x10°% m, T,=85.8 K, p=4.5x10°Q-m.!

2—variation of current at fixed temperaturd,=78 K; D;=5x10"* m,

C.=2%x10¢ JIm 3K k=10 W-m K D;=4x10"7 m,

W=10"3m, T,=87 K, p=5X107Q-m, | ;x,=1.7 A2

the dependence of the propagation rateof the normal-

E=(1—-iY")/ai?, (6)

where a=pl3Ds/kDWA(T,—To) is the effective
Steckley parameter of the film—substrate systemi/l g,
andl ., is the critical current alT=T,.

Figure 1 compares the universal dependence given by
Eq. (5) with the results of the experiments of Refs. 1 and 2.
It demonstrates rather good agreement of the theoretical cal-
culation with the experimental results. It should be pointed
out that the experimental data shown in the figure were ob-
tained on films with different values of (n=1, Ref. 1 and
n=2, Ref. 2 and different experimental methodsteady
current flow over the filfhand time-dependent resistive re-
sponse of the film to short current pulSeand for different
measurement conditior{gariation of current for fixed T,

Ref. 2, and variation of  for fixed current amplitudé, Ref.

1). The universal relationship represented by Es). thus
yields a satisfactory description of the experimental data on
the rate of growth of thermal instability in an HTSC film
when the data are obtained on different samples and under
different experimental conditions.

We are grateful to V. N. Skokov for useful discussions
of the results.
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Adsorption-controllable channel conductivity in oxidized porous silicon
V. M. Demidovich, G. B. Demidovich, S. N. Kozlov, and A. A. Petrov

M. V. Lomonosov Moscow State University
(Submitted September 2, 1997
Pis'ma Zh. Tekh. Fiz24, 27-31(January 26, 1998

It is shown that an adsorption field acting on a silicon—oxidized-porous-silicon—metal structure
can create a “frozen” state with conductivity increased by a factor of hundreds or

thousands. The effect is associated with the modulation of the channel conductivity of oxidized
silicon filaments of fractal material by ionic charge migrating along the surface of the

oxidized layer. ©1998 American Institute of Physid$S1063-785(108)02301-3

The problem of new ways to make cheap, compactharge-carrier concentration in nanometer filaments of oxi-
chemical sensors has become especially pressing in recetized porous silicofOPS, based on the use of ionic drift
years in connection with the general worsening of the ecoalong the oxide “shells” of the crystal filaments of a fractal
logical situation. Porous materials have continued to attractnaterial.
the attention of investigators and developers of chemical sen- A layer of porous silicon um thick was created on the
sors because of their large specific surface. Porous silicon {400 surface ofp-type single-crystal silicon with a resistiv-
very promising in this regard, since it fits in well with mod- ity of 12 Q)-cm by electrochemical anodization in a mixture
ern microelectronics technology; moreover, it luminesces irof a 48% HF solution with 96% ethan@l:1) with a current
the visible region-? density of 20 mA/cr. The oxide was grown on the surface

As is well known, one of the basic factors that determineof the porous layer by two-stage oxidation in dry oxygen; the
the sensitivity of a semiconductor sensor to certain molfirst stage last 3 h at atemperature of 300 °C, and the
ecules is the concentration of free charge card@g.vary-  second stage laste? h at 730 °CTwo-step oxidation was
ing the electron and hole concentratidifisr example, with  carried out in order to prevent the porous layer from being
an external electric fieldit is possible in principle to tune a sintered in the high-temperature stdgafter the oxidation,
sensor to an adsorbate of a particular type. Unfortunately, athermal sputtering in vacuum was used to deposit onto the
external electric field can be used to control the electricakurface of the porous layer metal contacts 1 mm in diameter
properties of only the relatively small part of the surface of aand transparent to molecules of the gaseous medium. Before
porous material directly adjacent to an interphase boundanthe measurements were made, the structures were subjected

This paper proposes a new method of controlling theto a standard heat treatment in vacuum: They were baked at
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210 °C in a vacuum of 10 Torr for 2 h. All the measure- the OPS or the products of their interactidior example,
ments were made at room temperature. NH; and OH when ammonia is adsorbed onto the hydrated

The possibilities of controlling the conductivity of the SiO, surface dissociate. The dissociation process is appar-
Si—OPS—metal system by means of adsorption-field effectantly most intense along the perimeter of the metal electrode
are illustrated in Fig. 1. If a negative voltageVy§= —5 Vis in the relatively higher “edge” electric field. When a nega-
applied at the initial instant to the metal electrode of thetive voltage is applied to the metal electrode, negative ions
structure placed in ethanol or ammonia vapor, the currenrdccumulate on the surface of the filaments of the OPS, and
through the structure begins to increase. The rate of increashis causes the silicon core of the filaments to be enriched
rises with the vapor pressure in the cell containing thewith majority carriergholes. When the cell with the sample
sample(in vacuum withV,=—5 V, the current remains un- is evacuated, the hydrate coating of the oxide is depleted and
changed for several hourslf the structure is held under the surface mobility of the ions is reducedp that the sur-
voltage in ethanol or ammonia vapor for a sufficiently longface charge is, as it were, frozen. Essentially, the structure
time, the current can increase by several orders of magnean be “formulated” for molecules of a definite type by
tude. If the working cell is evacuated without removing thepreliminary adsorption-field processing in the vapor of some
voltage (/4=—5 V), the conductivity of the structure can other adsorbatéfor example, ammonjato specify virtually
either slowly increase or weakly decrease, depending on theny required current level through the struct(aad, conse-
specific conditions of the experimefthe surface state, the quently, the necessary concentration of free charge carriers
type of adsorbade If the bias voltage is switched off in the fractal silicon, Fig. 2
(V4=0), the rate at which the current through the structure  Preliminary adsorption-field processing of the Si—-OPS—
decreases increases somewtiag. 1). In this and the sub- metal structure thus makes it possible to control the initial
sequent regimes, to measure the current through the strufree charge-carrier concentration in silicon wires of fractal
ture, a voltage oVy=—5 V is supplied at the metal elec- material. The proposed method for varying the surface
trode for a short timgon the order of secongsWith the  charge of oxidized filaments of porous silicon can be useful
opposite bias {y=+5 V), a rather rapid decrease of the not only for increasing the sensitivity and selectivity of
conductivity of the structure was observed. If a voltage ofchemical sensors based on porous silicon but also for con-
Vy=—5V was reapplied to the metal electrode, a rapid in-trolling the luminescence parameters of porous silicon.
crease of the current through the structure was again pro-
duced.

These effects are evidently associated with the variationiYL. KT Can'ham,PAhppl-RPhyz- Llet(ﬁlggls%(l%()-

i 1 . Kanemitsu, S. R€| .
gfe;gﬁsseu:)f]? fhee %r:ﬁ:g; %fngﬁgggyfﬁﬂlgz dfélasnggn tif ?lfaSOPC%F' F..Vol’kenshte%,Phygcj Chemistry of Semiconductor Surfafies
. Russian (Nauka, Moscow, 1973

rystals of fractal silicon. When this happens, both the free4a. Bomchil and A. Halimaoui, Appl. Surf. Sci1/42 604 (1989.
charge-carrier concentration in the semiconductor core of théS. N. Kozlov and M. L. Slavova, Mikroelektroniki4, 556 (1985.
pxidized filament and their distribution along it vary. The . ... by W. J. Manthey
ions appear when the molecules adsorbed on the surface Bfited by David L. Book
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Stochastic self-oscillations of the surface photoelectromotive force
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This paper describes for the first time the experimental observation and study of stochastic self-
oscillations of the surface photoelectromotive force. A layered
metal—insulator—semiconductor—metal structure available to most investigators is chosen, and
new nonlinear properties are detected in it. 1©98 American Institute of Physics.
[S1063-785(108)02401-X

Stochastic self-oscillations, or dynamic chaos, are atalso supplied to it through another resistance \Rth110().
tracting the attention of investigators in various aredsAs  Only regular self-oscillations of the photoelectromotive force
usual, there is interest in new systems in which this phenomwere observed earlier in a similar circuit with such external
enon manifests itself. This paper presents the results of amegative feedback:® Such self-oscillations, whose frequen-
experimental study of stochastic self-oscillations detected iies are in the kilohertz range, are based on the relaxation
the surface photoelectromotive force. This type of self-properties of the capacitive surface photoelectromotive force.
oscillations has not been described eariarparticular, not They are of interest for a high-precision, sensitive study of

even in the detailed monograph of Rej. 5 the relaxation of electronic processes on a semiconductor
The experimental layout of the study is shown in Fig. 1.surface and for the construction of environmental sensors.
It wused the simplest layered metal—insulator—  The experiments were done at room temperature. To

semiconductor—metal structure, in which it was possible testudy the character of the self-oscillations, the spectral de-
replace the semiconductors. Semicondudtaras ann-type  pendence and the phase portrait for a photoelectromotive
silicon plate with resistivity 4 &-cm, insulator2 was a pol-  force ofV, at the output of the amplifier were recorded. The
ished glass plate 1 mm thick, and electro@were metal spectral dependence in this case was obtained by means of a
foil. The lower electrode contained a slit for illuminating the spectrum analyzer, and the phase portrait was obtained from
surface of the semiconductor with LE®D The illumination  an oscilloscope whose vertical and horizontal plates were
was produced by an AL102A red LED, which, when sup-driven by signalV, and its derivative with respect to time,
plied with an ac voltage, can generate light of the intensityrespectively.
being modelled. Stochastic self-oscillations of the photoelectromotive
In the test structure, when the surface of the semiconforce were detected using semiconductors with a surface ob-
ductor was illuminated with an LED, the resulting voltage of tained after etching and natural oxidation in air at room tem-
the capacitive photoelectromotive force was taken off theperature. When this was done, the majority charge carriers
capacitive electrodes and was fed to the input of low-were depleted on the surface. This promoted the appearance
frequency amplifier5. The voltage from the amplifier, in of a large photoelectromotive force, which possessed the
turn, was fed through a resistor wiR=110() to the LED.  necessary relaxation properties when the illumination was
To select the working point of the LED, dc voltayg was  turned on and off.

P
Vp, 14
3
2 -
o N ] N
2 1 t, ms . .
FIG. 1. Schematic of the experimental setub—
ﬁt 3 -2 semiconductor plat@—insulator plate 3—electrodes,
4—LED, 5—low-frequency amplifier(The inset on the
i 4 right shows an oscilloscope tracing of the photoelectro-
R motive force signaV, for K=90 dB andVy=—6 V.)
R
v
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presence of the fundamental and higher harmonics, while the

, dB
' o L phase portrait is a closed cur(e stable attractor However,
a for V=0 (Fig. 2@ andVy=—10 V (Fig. 20, the presence
-20 } of the fundamental and the higher harmonics are already
hard to make out. Stable and unstatd@&ange attractors are
-y 1 seen on the phase portrait of the self-oscillations. The former
is represented by the outer closed curve, while the latter is
~60 . . . s " shown by the complex dark region, which the system most
probably “cross-hatches” as it rotates around zero. In this
ol & case, the system for some part of the time leads to a stable
attractor and is then disrupted and makes a transition to an
a0l b unstable attractor. Such a transition from a regular regime of
self-oscillations to a stochastic regime is characteristic of the
w0l scenario of a transition from regular to stochastic self-
oscillations and back:>°
-50 R ! 7 R To understand stochastic self-oscillations, it is not suffi-
cient to use the phenomenological model of Refs. 6-8,
ot which allows for surface states with a single nonequilibrium-
c charge relaxation time and explains regular self-oscillations
-20 of the photoelectromotive force. This is because the phase
space of the system considered in this case is two-
~40+ dimensional, and only regular self-oscillations are possible in
it.1~5To explain the observed stochastic self-oscillations, it is
-6 2 * ,, + ;. apparently necessary to allow for several types of surface
£, kHz states of the semiconductor, so that the phase space of the

system will have large dimensionality.
FIG. 2. Spectral dependence and phase port(aitthe upper parts of the This work was supported by the Russian Fund for Fun-

figureg for the photoelectromotive force signd|, for K=90 dB and a dc damental ReseardiGrant No. 96-02-19393
voltage ofVy=0 V (a), =6 V (b), and—10 V (c). '
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oscillations W,ere Obse,rved fat Ie;s t,han 60 dB, Whergas (Dordrecht; Kluwer Academic Publishers, Boston, 1992
regular quasi-harmonic self-oscillations were establishedsy. G. schusterDeterministic ChaogPhysik-Verlag, Weinheim, 1984;
when K ranged from 60 to 80 dB. When the galt was Mir, Moscow, 1989.
increased further, strongly nonlinear and stochastic self-"A. S. Dmitriev and V. Ya. KislovStochastic Fluctuations in Radiophysics

o " . and Electronicdin Russian (Nauka, Moscow, 1989
oscillations appeared. F&t=90 dB, Figs. 2a—2c show an 5E. Scholl, Nonequilibrium Phase Transitions in Semiconductors: Self-

example of the spectral dependence and phase portraits fobrganization Induced by Generation and Recombination Processes
the photoelectromotive force signd), as the voltag®/; was (Springer, Berlin, 198)z
; ; ot ; 5V. A. V'yun, Poverkhnost’ No. 6, 731991).
increased. It is characteristic that strongly nonlinear regular, g _ ' .
If illati df It Vi in th V. A. V'yun, in Proceedings of the IEEE International Frequency Control
self-oscillations appeared for a vo ayg ying in the range Symposium1993, p. 509-513.
—31t0—-8 V. ForVy=-6V, the inset to Fig. 1 shows the 8v. A vyun, Lith. Phys. J.35, 478(1995.
oscilloscope tracing of the photoelectromotive force signal®P. Mannevile and Y. Pomeau, Physicalp219 (1980.
Vp, and Fig. 2b shows its spectral dependence and phase, . icqd by W. J. Manthey

portrait. The spectral dependence is characterized by thedited by David L. Book
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Electronic redistribution in the neighborhood of the nucleus of a linear dislocation
R. M. Peleshchak and B. A. Lukiyanets

Drogobych Pedagogical Institute, Lviv Polytechnical State University
(Submitted February 5 1997; revised June 16, 1997
Pis'ma Zh. Tekh. Fiz24, 37-41(January 26, 1998

This paper is devoted to a self-consistent solution of the electron—strain interaction in a crystal
with linear dislocations. It shows that such self-consistency causes charge to be
redistributed in the neighborhood of the dislocation nucleus and hence renormalizes the strain
caused by the dislocation. The resulting charge redistribution forms a dipole whose

moment is proportional to the length of the dislocation. The dislocation kinetics in the crystal
can be affected when an external dynamic or static electric field acts on such a dipole.

© 1998 American Institute of Physids$1063-785(08)02501-4

There are currently two basic models of electronic dis-  As follows from Eq(3), the strain parameter consists of
location states for uncharged dislocations: the broken-bonédn electronic part and a mechanical pdg(r). In the case
model! which takes into account the short-range potential ofunder consideration of a linear dislocation with the line of
broken covalent bonds in the dislocation nucleus, and théhe dislocation along th& axis and theX axis along the
strain-potential modét® However, the electron—strain inter- Burgers vector, it is convenient to represehj(r) in a cy-
action is not taken into account self-consistently in thesdindrical coordinate system with polar coordinates in the
models, and the character of the filling of the electron energ)XOY plane in the form
bands is neglected. This paper is devoted to the solution of
such a self-consistent problem in a crystal with a linear dis-
location. For this purpose, we use a model in which the state sin ¢
of the conduction electrons of an isotropic metal is described D o P=Po
by a single orbitally nondegenerate band. The strain created U(p,¢,2)=Tr0 =

4

by mechanical stress,(r) can cause such a band to shift in E sin p<p
energy. The Hamiltonian that includes such an effect has the pgp @ 0
form (see Refs. 5 and)6
H=2 [0+SU(r)Ichci,+ 2 Achei, (Here D is a constantp, is the radius of the dislocation
io ijo

nucleus, equal t¢1—2)a, anda is the lattice constantThe
1 expression folJ,(p,¢,z) in the regionp=p, is obtained
+§2 KQoU(ri)+He. (1) from the expression for the mechanical stress(p,¢,2)
' proposed in Ref. 4U,.(p,¢,2) in the regionp=<p, is the
Herec;, (ci,) is the Fermi creatiorfannihilation operator approximation of Ref. 8.
of an electron with spirr in a localized Wannier state o The computation of the electronic component of the
is the energy that characterizes the position of the center dftrain parameter in Eq:3) reduces to determining the cor-
the electron band),\ioj is the electron-mixing integral in an relator {c,,cy/,), Which was done with the help of the
undeformed latticeS describes the shift of the conduction single-frequency Green’s function. In general, the problem
band during strainK is the elastic stiffness of the lattice, reduces to solving a system of five equations fd: the
U(r)=TrO(r;) =(Q—Q)/Q, is the strain parameter that concentration of conduction electron@) the electrostatic
describes the relative change of the volume of the cell bepotential that results from the electron-density change
cause of the dislocatior(), is the initial volume of the unit An(p,¢,2)=n(p,¢,2)—ng in the neighborhood of the dis-
cell), andH, is the Hamiltonian of the Coulomb electron— location (ng is the mean concentration of electrons arriving

electron interaction. at a lattice point, taking into account the electron—strain
To determine the strain parametgfr), we use the con- interaction,® (3) the wave function of an electron in the
dition of mechanical equilibriu, neighborhood of a defectd) the Green’s function, anb)
the chemical potential. This system of equations was solved
< dH > — o (1)V @) by the method of successive approximation3 at0 K. The
AU(r) Tm ' mechanical part of the strain parameter was taken as the

zeroth approximatio® The dependencé\n(p,¢,z) was
obtained as a result of the computations. Figure 1 shows a
family of curvesAn(p,¢,z) for various anglese in the

whereV is the volume of the crystal. Using E(l), we get
from this that

S N ) plane z=const [the An(p,¢,z) curves for ¢ €[0,7] are
U(r)=-— KO- 2 (CroCrr o)X —i(k—K")r] shown on the left, and those fare[ w,27] are shown on
0 KK'o the righi. As follows from the figure, this dependence is
+Up(r). 3 antisymmetric relative to the dislocation. Since the electronic
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FIG. 1. Family ofAn(p) curves for various values af

(on the left fore €[0,7] and on the right fof 7,27])

with S=4.0 eV,ny=10"° A% andK=0.47 eV.A 3.

Curves1 for ¢=10 and 170°(1" for 190 and 370°),
2—20 and 160°(2'—200 and 160°) 3—30 and 150°
(3'—210 and 350°),4—40 and 140°(4'— 220 and
340°),5—50 and 13095'—240 and 320°)6—70 and
110° (6'—250 and 310°),7—90° (7'—270°).

component of the strain parameter equalSAn(p, ¢,2)/K, m E
it has the same character as dde¥p, ¢,z) to within a sign V=Ug EXP( kT
and a constant factor.

The resulting charge redistribution makes it possible tovherevo and o are constantan=1-2, andE is the acti-
give a more definite picture of the electronic dislocationvation energy. A change ipr thus directly affectw. It is
states proposed in Ref. 9. Whereas, according to Ref. 9, possible that such changes are reflected in some way in the
dislocation nucleus in a semiconductor crystal can either acactivation energy. It can be assumed that the effect of inter-
cumulate charges on itself or liberate them, according to ou@cting with an external electric field will depend on its ori-
resuns7 the dislocation possesses both properties_ In the Ca@@tation relative to the dislocation and on whether the field is
considered above of an isotropic crystal, excesses and defitatic or dynamic. These assumptions require additional
ciencies of electrongy comparison with the mean energy in Study and lie outside the framework of this paper.
the crystal occur along the dislocation axis antisymmetric

from it. A dipole is thus formed, whose momgntan easily  * w. Shockley, Phys. Re\®1, 228 (1953.
be estimated. It will equal 2. M. Lifshits and Kh. I. Pushkarev, JETP Lettl, (1970.
3M. A. Razumova and V. N. Khotyaintsev, Fiz. Tverd. T&H No. 2, 275

o

0o

, (6)

(1989 [Sov. Phys. Solid Statgl, 275(1989].
p=e An(p,¢,z)pdpdedz (5) 4A. M. Kosevich, Theory of the Crystal Latticin Russian (Visha Shkola,
Kharkov, 1988.
(the integration over is chosen along the dislocation axis 5R. M. Peleshak, “Electronic states of the lattice strain of a crystal in the
Conseauentl in this case will be proportional to the presence of point defects,” Preprint-69-5R Inst. Tekh. Fiz. Akad. Nauk
quently,p in thi € Wi proport , USSR, Kiev, 1989.
length of the dislocation axis. The presence of such a dipol€,. v. stasyuk and R. M. Peleshak, Ukr. Fiz. Z36, 1744(199)).
moment can be used, in particular, to affect the kinetics of’L. D. Landau and E. M. LifshitzTheory of ElasticitNauka, Moscow,
the dislocations in a crystal by superimposing an externals\l(%f/? ieggnam;’;:;sd&soi‘fggl’( ;9‘? Tverd. Telzeningrad 6, 1122
. . . . u. V. usni . L , FI1Z. TV . | y
electric field on them. Actually, because of polarization, ac- (1964, Y 9
cording to the conclusions stated above, such a field can altefT. suzuki, S. Takeuchi, and H. Yoshinadaislocation Dynamics and
the electronic component of the strass|t is well knowr? Plasticity (Springer-Verlag, New York, 1991; Mir, Moscow, 1989
that the dislocation rate is associated with the stressand Translated by W. J. Manthey

the temperaturd by Edited by David L. Book
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Effect of magnetic anisotropy on the mobility of the boundaries in thin magnetic films
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This paper discusses the effect of magnetic crystallographic anisotropy on the mobility of the
domain walls in thin magnetic films with an easy axis in the plane of the film. It shows

that the stable configuration of a domain wall is a single-vortex Bloch domain wall. Besides this,
there are two metastable states of the domain wall—al Memain wall and a domain wall

with two magnetic vortices along the normal to the plane of the film. It is also shown that the
mobilities of the single-vortex and dedomain walls and the domain wall with two

vortices decrease as the anisotropy constant increases and tend to the same vala@8 ©
American Institute of Physic§S1063-785(18)02601-9

It is well known'~3 that the domain walls in thin mag- enough film, two magnetization-vector vortices can be sym-
netic films with their easy axis parallel to the film surface canmetrically localized in the surface of a film, in contrast with
have a two-dimensional or a one-dimensional distribution othe two-vortex Nel domain wall(compare Figs. 1b and Lc
the magnetization vector. The goal of this paper is to studyNote that the magnetostatic energy is approximately identical
how the bulk crystallographic anisotropy affects the structurén the two-vortex asymmetric domain wall and the two-
and mobility of the domain walls in thin magnetic films. vortex Neel domain wall, but the exchange energy is greater

Consider a thin magnetic film with a thicknesstofind  in the two-vortex asymmetric domain wall. This is because
with its easy axis parallel to the surface of the plate. Let ughe effective size of the vortex is greater in a two-vortexeNe
draw thez axis along the easy axis and assume that thelomain wall. The results of calculations show that, Kas
distribution of the magnetization vectdd in the domain increases, the energies of all three domain-wall configura-
wall that separates domains magnetized alargydepends tions increase and gradually converge. Thus, Ko 10°
only onx andy (the x axis is perpendicular to the plane of erg/cn?, the reduced energies ase= W/2A equale (single-
the domain wal)l. Then the energy-density functiondf is  vortex Bloch domain waJl=10.04, ¢ (two-vortex Nel do-
written as main wall)=12.85, ande(two-vortex asymmetric domain

wall)=17.98, whereas, fat=10° erg/cn?, ¢ (single-vortex

W= Johdyf:cdx{(A/M2)[((9M/(9x)2+(aM/ﬁy)Z]

_ 2 _ m e ar—o o~ e e R :
(K/M )(MC) OWH } (1) PRI ”";::f“\“"‘ L S I A S
. . . . PR R A SRRl Sl R N N R O I ST BRI IR
HereA is the exchange-interaction parametéris the mag-  {. . .. . R R L S N X
netic anisotropy constant/ is the saturation magnetization, |7 .. i, iteriils ;'; MO
c is the unit vector along the easy axis, anl is the mag- IR I S A A A
netostatic field BRSNS ORn LS NRaEE
L LI R R T EE N I NN R R N T AP AP I B A R I B AR S 4
. . . J a
We find the structure of the domain wall by numerically lecaasas s s s s s o oy S s
minimizing Eq.(1) (see Ref. 4 for more detajlsThe quan-
H sl frmimn AR+~ AP A~Avmlmrn3 Tl ~ther marmma 02 ¢ ¢ o P Soraw v~ mW v b v s e
tity K was varied from 18to 1(F erg/cn?. The other param- | & @ . . L ey T o o eIl
eters wereA=10"° erg/cm,M =800 Gs, anch=10°>cm.  f. -+ .« LA LT B R
. . N DR Ve vever N RY Y4t Aer e e
Numerical calculations showed that the stable configura-|. . ., (s o uucves g b ¥t an s s 00080
tion of the domain wall aK varies is the well known single-  J* ¢ <« c 22323 e 2R ARVt oo vvvaye e
X P . R RN T R EAE S & 1N S R .
vortex Bloch domain walt:? The formation of vortex distri- R T T L R Ty I N O S PR AR IR AR
H : H H RIS NN DY P 7R L AR S P . .
butlons_ of M prowd_es the minimum density of vo_Iur_ne Lot ..::I::_{, Pt coroae o b.
magnetic charges (dw=0) and gives the best description
of the properties of the exchange-interaction operator. Be-[=« + » ~+ « + - " ~4 =~ tw v ¢ - ¢ -+ >+ °*° "
H H H v e s s e e e AAARGTNRNN T T e e . '
sides the single-vortex Bloch.domam wall, there are two L ettt en Bl b oo oa o cean s
metastable states of the domain wall. One of them is a two-|+ =+ » » + v + s ARXATLEb : :
. e . . - P I R o - I 2R B I R S S R R ) * .
vortex asymmetric N&l domain wall* The other—obtained .. .. .. %.0% .,.,......(b: W R oe s e e e
by us for the first time(in a film of the given thicknegs—is e ::::';‘;:" Tt
a two-vortex asymmetric domain wall, with the two vortices je « « « v ¢ v v - yxu w2 Hpr p e o o v o0 v oo v o
......... ‘\“*f’ﬂ’a-t--.--’ .C.

aligned along a normal to the film surface. As an example,
Fig. 1 shows the domain wall structures for- 10% erg/cn. _ . 1. Domain-wall structure for=10"% erglem, K=1C° ergfer,
We_ associate the appearance of a two-vortex asymmemc_dﬂ': 10~ cm, andm=2800 G.(a) single-vortex Bloch domain wallp) two-
main wall as a metastable state with the fact that, for a thickortex Neel domain wall, andc) two-vortex asymmetric domain wall.
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cm/s Oe 1
15004
2 FIG. 2. Domain-wall mobilities vs anisotropy constant:
1—single-vortex Bloch domain wall2—two-vortex
1000 Neel domain wall, andB—two-vortex asymmetric do-
3 main wall.
JM i [] ) —
ko< 10° 204 0% 2°
K, erg/cm?

Bloch domain wall=25.18, ¢ (two-vortex Neal domain the fact that, as calculations show, the fine structure of the
wall)=25.34, ands (two-vortex asymmetric domain wall domain wall is weakly dependent df in the indicated in-
=28.6. The energies of the single-vortex Bloch domain wallterval of K values.
and the two-vortex N&l domain wall converge because the The mobilities of the single-vortex Bloch, two-vortex
contribution of the anisotropy energy in the single-vortexNeel, and two-vortex asymmetric domain walls decrease for
Bloch domain wall increases by comparison with the two-large K, but theK %2 dependence is not clearly followed.
vortex Neel domain wall. AsK increases, the distribution of The exchange energies of all three domain-wall configura-
the magnetization vector in the domain wall varies in such dions are similar in magnitude foKk=10° erg/cn?, and
way that the effective width of the domain wall decreases. therefore their mobilities are not very different, since, ac-
We also considered the steady-state motion of the doeording to Eqs(2) and(3), the value ofu is determined by
main wall and calculated its mobility asK varies. In the a coefficient proportional to the part of the exchange energy
limit of low domain wall velocity,u can be determined by given by Eq.(3).
using the structure of static walls, which is found by mini- Thus, numerical minimization of the domain-wall en-
mizing the functional of Eq(1), with® ergy functional has been used to determine the fine structure
u=2hylal @) of the 'domain waII. in' terms of a r.nod.el of the twq-
' dimensional magnetization-vector distribution as a function
o (h ® ) of the anisotropy constant. A new metastable domain-wall
I=M fo dlede(‘?M/aX) , (3 state has been found, with two vortices localized on the sur-
faces of the film. The steady-state motion of the domain wall
where y is the gyromagnetic ratio, and is the Gilbert has been considered, and its mobilitiekasaries have been
damping parameter. calculated.

Figure 2 shows the dependences of the mobilities of the  Thjs work was carried out with the partial support of the
single-vortex Bloch, two-vortex N#, and two-vortex asym- RFFR (Grant 96—02—-16000
metric domain walls, calculated from Eq&) and(3) and on
the basis of the distribution of the magnetization vector in
the domain wall obtained for each value of the anisotropy?! A. E. La Bonte, J. Appl. Physi0, 2450(1969.
constantK. Note that, for a Bloch domain wall in an infinite zA- Hﬁbert, Ph%/S- Status Solildci]BZ, 519(%9693

ili 1/2 A. Aharoni, Phys. Status Solidi A8, 661(1973.

crystal, the mOblllty of the poundary depepds loras K ™. . “B. N. Filippov and L. G. Korzunin, Fiz. Met. Metalloved5, 49 (1993.
As can be seen from the flgurg, the mOb”'ty of the domain 5B. N. Filippov, L. G. Korzunin, and V. |. Beresnev, Fiz. Met. Metalloved.
walls decreases with increasirl§, which should be ex- 80, 31(1995.

pected, but the change qi is small in theK interval
. . . . . Translated by W. J. Manthey
10°—/10" erg/cnt. This behavior ofu(K) is associated with  Edited by David L. Book
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(111)=(001) orientational phase transitions and nature of the insulating state in
BiSrCaCuO (2212 and 2223) films

V. D. Okunev and Z. A. Samoilenko

Physicotechnical Institute, Ukrainian National Academy of Sciences, Donetsk
(Submitted May 6, 1997
Pis’'ma Zh. Tekh. Fiz24, 13—20(January 12, 1998

The influence of the growth temperatufg on the structure, optical absorption, and electrical
conductivity of BiSrCaCuO films has been studied. It was observed that nonmonotonic
changes in the parameters of the films withare caused by (11%(001) phase transitions at
T,~550 °C for the 2212 phase afid~600 °C for the 2223 phase. These phase transitions
stimulate the formation of metallic conductivity and are caused by a change in the system of
preferential ordering planes of the atoms. 1©98 American Institute of Physics.
[S1063-785(18)00301-7

It is well known? that the parameters of high- made fairly far from the fundamental absorption edge, in the
temperature superconductors are sensitive to changes in teatange of quantum energids»<<1.2 eV, where the contribu-
nology or to external influences because of the nature of théon of interband optical transitions @ can be neglectet!.
free carriers and the possibility that inhomogeneities can eaghe relative changes in the hole concentration were deter-
ily form in the bulk of the samples. Changes in the holemined from the change in the position of the Fermi I/
concentration are mainly associated with the state of the oxyFhese data were compared with the results of an x-ray struc-
gen subsystem. The nature of the inhomogeneities can aldoral analysis, using long-wavelength Cy, Kadiation. The
be considered to be well studied and they are mainly attribbulk fraction of atomic groupings represented by the 001
uted to the formation of inclusions of simpler composition diffraction peaks was estimated using the relation:
and phase structure having insulating properties or a lowe€qg=K X1 g1/l con, Wherel on=1go1+ 1111, K is a coeffi-

T.. However, our earlier experimental ditdindicated that  cient which is equal to the ratio of the coherent and incoher-
there may be a slightly different relation between the strucent x-ray scattering intensities, ahére the integrated inten-
tural characteristics and the electrical properties of highsities.

temperature superconductors: the appearandd X lines Figures 1 and 2 give the electrical conductivity (

on the x-ray diffraction patterns was generally accompanied=300 K) of the films as a function of the substrate tempera-
by an increase in the resistivity of the films and a deteriorature T5. The results were obtained for moderate interaction
tion in the critical parameters of the samples. Here we anabetween the gas-discharge plasma and the growth sutface.
lyze this problem by studying the relation between the strucUnder these conditions, the 2223 films exhibit an amorphous
ture of the films and their electrical conductivity. A fairly state in the rang@;<400 °C (Fig. 1). The growth of crys-
broad spectrum of structural states may be achieved by varyalline layers begins at 450 °C. In tl{2212 system, which

ing the growth temperature of the films which is always onehas a simpler structure, a crystalline structure begins to form
of the main parameters of any film technology. Thus, theat substantially lower temperatures—in the rangdeg
problem reduced to studying the influence of the growth tem=200-250 °C(Fig. 2). Taking into account the different
perature on the structure and electrical conductivity of thestability of the amorphous state of these two phases, we can
films. see that the changes in=o(Ts), which cover a range ex-

We studied the structure, and the electronic and opticateeding ten orders of magnitude, are qualitatively the same
properties of BiSrCaCu@212 and 222Bfilms obtained by for the 2212 and 2223 systems and do not depend on the type
dc sputtering of stoichiometric targets in Aifthe air pres- of substrate. These changes are abruptly nonmonotonic.
sure in the working chamber was 2—3 Torr. The films wereTheir characteristics within the range of existence of the
grown on MgOJ[on the(100) cleavage plankor Al,O; sub-  amorphous phase for 2223 films and the influence of the
strates[(1102 pland. The film thicknesses were 0.3-0.5 initial state on the critical parameters of the samples follow-
um, for which it was shown in Ref. 4 that, under optimum ing an amorphous—crystal transition under high-temperature
conditions, the crystal field of the substrate and the stressemnealing were discussed in Refs. 3, 4, and 6.
at the film-substrate interface effectively influenced the  Textured superconducting layers grow in the tempera-
growth of textured layers. The fraction of the material vol- ture range 690—710 °C only on MgO substrates. As a result
ume in the state with metallic conductivity was determinedof intensive chemical interaction between BiSrCaCuO and
by an optical absorption technicftié® using those parts of Al,Q;, the layers deposited on sapphire substrates without a
the spectrum attributable to absorption by free caffitr¥?  buffer sublayer remain in the insulating state over the entire
and the dependence~C,,p, wherea is the absorption co- range of Tg. Textured superconducting layers on sapphire
efficient,C,, is the concentration of the metallic phase, and substrates can be achieved under conditions of active inter-
is the hole concentration. The measurementCgf were  action between the gas-discharge plasma and the growth
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FIG. 1. Parameters of 2223 films versus growth tem-
perature: 1—electrical conductivity of films T
=300 K) on MgO substrate@—electrical conductiv-
ity of films (T=300K) on ALO; substrates;3—
concentration of the metallic pha&g, in films on MgO
from optical absorption datat—concentration of ma-
terial represented by 001 group€d,) in films on
MgO from results of x-ray structural analyses. The inset
shows x-ray diffraction patterns of films on MgO near
the orientational phase transition.

Car Co01

surfacé for which the deposition temperature can be reducedos atT,=700 °C(curve3in Fig. 1). It can be seen from a
from ~700 to 400 °C(Ref. 13. comparison of curve8 and4 in Fig. 1 that the changes in

In our case, the most interesting ranges of variationof C_ with T show reasonable agreement with the results of
are 25@<TS< 700 OC fOI‘ 2212 fl|mS a.nd 4OOTS< 700 OC the X_ray Structural analyS|s

for 2223 layers, in which the atomic order of the crystalline  gor 2212 films the dependence 6%, on T is more

films is characterized by constant competition between tWQ:ompIex, mainly because of the wider range of existence of

types of packing. In one case, the atoms are ordered prefefie ¢rystalline statécurve3, Fig. 2. The agreement between
entially in the(111) planes whereas in the other case, theythe changes i€, andCqo, with T, is also satisfactory. The

are ordered in th€¢001) family which is responsible for the x-ray structural analyses have shown that the minime gf

conductivity and superconductivity of high-temperature SU-and Cooy Observed afl,~450 °C are attributable to disor-
perconductors.

Curves4 in Figs. 1 and 2 give the concentration of atomsdermg of the 2212 film structure accompanied by the forma-

in groups characterized by 001 reflectialy,;) as a function tion of isolated families of 2223 phase plane in the bulk of

of the growth temperatur@, of the films. Studies of the the fll_lrr]ns. h i £ the films i istent with th
diffraction patterns of the filmsinsets to Figs. 1 and)dn- € pnase composition O the TIms 1S consistent wi €

dicated that the nonmonotonic behavior of the curve<OMPOSition of the 2223 and 2212 phases to within 3%. As

Coor=Cooi(To) is attributable to a structural phase transition'©n9 as the film structure is predominantly formed (.1
at T,=550—600 °C when the dominant type of forming planes, the films are in the insulating state. Metallic conduc-

crystallographic planes changes. For 2223 films this point i$Vity appears if the bulk fraction of atomic groupings char-
observed neaff¢=600 °C: for T,<600 °C (111) planes acterized by(001) planes exceeds 60%. In this case, the
dominate in the structure while féF<>600 °C, the(001)  insulator—metal transition has a clearly defined percolation
planes dominate. For the 2212 phase the critical point igharactet’ The results agree with the theoretical
shifted 50° lower and is observed néa=550 °C(curve4,  predictions* whereby superlattices may be formed in high-
Fig. 2. temperature superconductors with complex latti®isand
The concentration of the metallic phas@,() as given Ti system$. The structure of the 2212 and 2223 crystalline
by the optical absorption data for 2223 films is around 7.5%phases combines elements of perovskite and clgbich as
at T,=450 °C. AsT, increases to 500 °C, the concentration NaCl) sublattices and the evolution of the perovskite struc-
increases to 8.5%, then decreases to 7%.at600 °C, be- ture involves the growth of layers of the homologous series
fore increasing rapidly withl'g to give a value higher than Sr,Ca,_,Cu,0,,.1 (Ref. 2, which promotes the formation
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1.0 FIG. 2. Parameters of 2212 films versus growth tem-
0.9 perature: 1—electrical conductivity of films T

* =300 K) on MgO substrate@—electrical conductiv-
0.8 ity of films (T=300K) on ALO; substrates;3—

concentration of the metallic pha&g, in films on MgO

0.7 from optical absorption datat—concentration of ma-
0.6 terial represented by 001 group€d,) in films on

: § MgO from results of x-ray structural analyses. The inset
0.5 © shows x-ray diffraction patterns of films on MgO near

E the orientational phase transition.

0.4 ©
0.3
0.2
0.1
0.0

of (111) planes. However, many elements of the homogestates in(001) planes. In principle, crystallites represented
neous system incorporate a source of impairment of the iniby (111) crystallographic planes may, of course, also contain
tial order, with the formation of a heterogeneous strucfure (001) planes. However, the disorder in the distribution of the
as soon as the external conditigirs our case, the increased atoms in these planes may be so gréhis assumption is
diffusion mobility of the atoms with increasing temperajure confirmed by the absence of any coherent reflections of ap-
begin to favor this. The transition of a multicomponent sys-preciable intensity from these plangthat the Anderson lo-
tem from a homogeneous to a heterogeneous structure iscalization criteriof® is satisfied for the electron states and
second-order phase transition with a reduction in the energthese crystallites may be in the insulating state regardless of
of the systerf? and is clearly caused by intensified inter- the oxygen concentration.
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heterogeneity is promoted by the inhomogeneity of the sys- The authors are graterI t9 V. ,M' Svistunov and.B. Ya.
tem and also by various physical parameters of the samme%ukharevskﬂ for their interest in this work and for discus-
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Effect of particle mass on the behavior of stochastic ratchets
A. P. Nikitin and D. E. Postnov

Saratov State University
(Submitted February 5, 1997
Pis'ma Zh. Tekh. Fiz24, 47-53(January 26, 1998

Nonlinear Brownian motion in stochastic rachets is investigated by electronic simulation
methods. It is shown experimentally that it is possible to sort particles by mass using a discrete
random process, binary noise, as the source of the nonequilibrium stochastic ratchets.

© 1998 American Institute of PhysidS1063-785(18)02701-3

The fundamental effects observed in stochastiggime, where the frictiory is so large that the term containing
ratchet$™> are not the only reason investigators are interestethe masdM in Eq. (1) is neglected. Moreover, this simplifi-
in them. Problems associated with the characteristics ofation decreases the order of the differential equation and
Brownian motion in nonlinear potential fields play a growing makes it easier to solve.
role in molecular biology* and nanotechnology/The term As a rule, stochastic ratchets are investigated by numeri-
“stochastic ratchets” derives from the profile shape of ancal or approximate analytic methoti$ An exact analytic
anisotropic (asymmetri¢ spatially periodic potentialFig. solution can be obtained only in rare cadé=r this reason,
13). Because of the asymmetry of the potential the probabiliin addition to numerical experiments, the possibility of elec-
ties of noise-induced transitions through the potential barritronic simulation of stochastic systems is of interest. We
ers can be different for opposite directions. This results in theised a system of phase-controlled self-tuning of the fre-
appearance of a nonzero probability flux. A characteristic ofjuency to construct an electronic analog of stochastic
stochastic ratchets is that nonequilibrium is produced in theatchet&® and conducted a series of experiments for the pur-
system by noise and not by a constant external macroscopjsose of determining the dependence of the average velocity
force. The motion of a Brownian particle can be described byof the Brownian motion on the inert mass of the particles.

the equation The experimental results obtained with the electronic
5 analog of stochastic ratchets are displayed in Fig. 2a. Here
Md—x+y%+ JU(x,1) L E(1)=0 (1) and below the results will be discussed in the language of

dt2 dt X ' particle motion. The experiment was conducted in the low-

temperature approximatiork§T—0). Binary noise, a dis-
Herex is the spatial coordinaté)(x,t) is the potentialM is  crete random process with two equally probable stat&s
the particle massy is the viscosity, and(t) is white noise, and+ 2z, was chosen for(t). In addition, a change in state
where (£(t)) =0, (&(t)é(t+ 7)) =2kgTyd(7), kg is Boltz-  js possible only at fixed timest,=A=kT,, where
mann’s constant, and is the temperature. We write the To=const,k=0, 1, 2, ... is a nonnegative integer, aid
potentialU(x,t) in Eq. (1) in the form is a random quantity that does not dependzft) and is
_ distributed uniformly on the segme®,T,]. For this choice

VX H=V0)+2(t)x, @ of the noise statisticg(t), according to Eq(2) the potential
whereV(x) is the anisotropi¢asymmetrig periodic compo-  U(x,t) will switch between two profiles, as shown in Figs.
nent of the potential/(x)=V(L+x), andL is the period of ~1b and 1c. If the amplitud& is very small, particle motion
the potential. The typical form of(x) is shown in Fig. 1a. Wil occur only within a well, i.e., it will be confined within
Here z(t) is a random force with zero mean. #{t)=0 one period of the potential. Wher exceeds a threshold
holds, then according to the fluctuation-dissipation theorenyalue Z;, a particle will be able to move over a distance
Gaussian white noisg(t) will be an equilibrium process for greater tha.. This situation is illustrated in Figs. 1b and 1c.
this system. This means that, irrespective of the profile shap@n account of the asymmetry of the potentigk) motion is
of the potential barriers, the noigét) cannot induce motion Possible only in one direction, rightward. The potential bar-
of the Brownian particles that is directed on the averagefier blocks leftward motion. AZ increases, the slope of the
However, the introduction of external noigét) can drive  profile U(x,t) will increase and this will result in a higher
the system out of equilibrium and give rise to Brownianaverage velocityx) of the particle motion. We note that an
motion that is directed on the average. In addition, as showasymmetric potentialV/(x) will behave as a rectifying ele-
in Refs. 2 and 7, the direction and magnitude of the particlanent, converting the energy of the noia@) into directed
flux induced by the noisg(t) depends on the statistics of the particle motion. Here energy conversion occurs by means of
noisez(t). rectification of the random force(t): Particle motion to-

In many cases problems of applied interest can be forward the right occurs under the action of the random force
mulated in the approximation of sma&{gT (high potential  z(t) minus the relatively weak forces due to the potential
barriersV(x)). In the present Letter we study the effect of V(x); particle motion toward the left is impossible, since the
particle mass on particle transport in stochastic ratchets. Wirces due to the potentidl(x) compensate the random
note that investigators ordinarily study the overdamped reforce z(t).
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0.25

If the amplitudeZ of the noisez(t) is very large, then ]
U(x,t) will switch between profiles with no local minima 0.20 3

and maxima(Fig. 1d and 1g This means that there are no —
potential barriers. Particle motion is possible both rightward /\\
and leftward. For very large amplitud&sthe forces due to :5 0.15
the potentialV(x) are negligibly weak and both directions of ~
motion for a particle become “equally allowed.” Then the » 0.10
average velocity of a particle approaches ze{rio)(—>0). 3

Let us now consider the situation illustrated in Fig. 1b. 0.05
Let a particle be located near a local maximumupfx,t) ]
(position 1 in Fig. 1b some time after the noise(t) ]
switches from the state Z into the state- Z and rolls down o5
to a local minimum ofU(x,t) (position 2 in Fig. 1b with
zero initial velocity. If the particle is sufficiently massive
(heavy, it will obviously be able to continue its motion by
inertia and overcome the potential barrier.

The M dependence of the noise amplitude for which
leftward motion becomes possible is obvious: The laiger 0.2 7
the lower the value oZ* required for a particle to overcome ]
the potential barriefFig. 1b. In the caseM =0 leftward
motion is possible only if Z* exceeds the value
Z,=sup|dV(x)/dx|. It is obvious that with increasing am-
plitude Z leftward motion becomes possible earlier for a
heavier particle than for a light particle. A limit on the in-

crease in the average veloci@() appears when the ampli- _0.4.5
tude Z exceeds the valug* for which particle motion in ]
both directions—leftward and rightward—becomes possible. ;

Hence it follows that as the amplitud@eincreases, the limit “0‘50};""_'&;,"":6’_’5"‘:b_’g""{,‘_g""}}f’;"""(','_6

on the growth and the subsequent dropoffxf appear ear- g
lier for heavier particles than for light particléBig. 23. _

The behavior indicated above can be used to sort paIE|(_3- 2. 3 Normalized average velocityx)/L versus amplitude& of the
ticles by mass under the action of a random force. Figure 2B2/S¢#(1)- The curves 1-4 correspond to masis 0, 0.022, 0.1, and 0.2,

. . respectively. Remaining parameters: (M&3—minV(x))/L=0.365, y=1,

shows t_he eXpe_”ment"_il results obtained when the _Symmetr%=0.l38. All parameters are given in dimensionless forjriNbrmalized
of the binary noise acting on the system was artificially bro-ayerage velocityx)/L versus the constant shift. Curve 1 corresponds to
ken by shifting the noise by a constant amountin Eq. (2) massM =0, curve 2 toM=0.1; Z=1.6.

0.4
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z(t) was replaced by(t) + o, whereo=cons}. This corre- ported in part by the Russian State Committee of Institutions
sponds to introducing a small constant slope in the potentiabf Higher Learning on Natural Scien¢grant $—0—8.3—6§
V(x). As one can see from the plot, the sign(@f then and the Russian-German grant DFG and RFFI 436 RUS 113/
depends on the mass of the particle! This means that pad34/dR).
ticles with mass greater or less than some critical value will
move left- or rightward, respectively. 1 M. Magnasco, Phys. Rev. Lefl2, 2656(1994.

It should be noted that by lettingsT—0 we freed the 2C. R. Doering, W. Horsthemke, and J. Riordan, Phys. Rev. [8{2984
part!cle from therma_l quct_uations. S'Frictly speaking, s_uch aag_gg?'ASwmian and M. Bier, Phys. Rev. Lef2, 1766 (1994,
particle is not Brownian, since there is no thermal motion. If 43, prost, J.-F. Chauwin, L. Peliti, and A. Ajdari, Phys. Rev. LE2.2652
kgT is assumed to be different from zero but sufficiently (1994.

small, then, evidently, there will be no nonlinear interaction R'gngrtussek' P. Hwgi, and J. G. Kissner, Europhys. Le#8, 459
between the noises and the dependencdepbn M will be L. P. Faucheux, L. S. Bourdieu, P. D. Kaplan, and A. J. Libchaber, Phys.

preserved. Effects due to the nonlinear interaction of the7Rev._Lett.74, 1504(1995.
noises should be expected to appear for large valukgTof M. Bier, Phys. Lett. A211, 12(1999.

This i . tant bl d . further i ti 8D. E. Postnov, A. P. Nikitin, and V. S. Anishchenko, Pis'ma Zh. Tekh.
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Simultaneous measurement of temperature and pressure
A. S. Kim
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It is shown theoretically and experimentally that nuclear quadrupole resonance can be used to
measure temperature and pressure simultaneouslyl993 American Institute of
Physics[S1063-785(18)02801-9

The discovery of the temperature dependércel pres- Signals at frequencw, n,—, are observed at the time
sure dependenteof the nuclear quadrupole resonance
(NQR) frequency has made it possible to develop one- = ( 1+ ©m+1m
frequency methods for measuring temperatared pressufe
using NQR. In this method one parameter, the temperature ¢fq signals at the frequeney,,, , , are observed at the time
the pressure, is measured and the other is fixed. ’

This Letter examines theoretically and experimentally — t=27;.

the possibility of measuring temperature and pressure simulyg gne can see from Eq&l) and (2), the signal amplitudes

taneously. A pulsed program of two-frequency excitation of, proportional tao, 1, i.€., the carrier frequency of the

spin-echo signalésee Fig. 1 is used to measure these pa- g« pulse.

rameters. The program makes it possible to detect signals  the temperature and pressure indicator materials must
from two excited transitions, for which the NQR frequenciessatisfy the following general requirements.

depend on the temperature and pressure, of a multilevel spin 1 " the transverse and longitudinal relaxation times on

system. The choice of a transition of a multilevel spin systemy,q gpserved transitions must be long over wide temperature
used for measuring temperature or pressure is determined by, 4 pressure ranges to observe the echo signals

the ratio of the temperature and pressure coefficients of the 5 ha signal/noise ratio must be good over wide tem-
NQR frequency. To measure temperature the temperature CBérature and pressure ranges.

efficient of the NQR frequency must be large and the pres-
sure coefficient smallcompared with the temperature coef- . . enient.

ficient)y on one of the excited transitions. To measure 4. The two excited lines must not overlap as the tem-
pressure the pressure coefficient of the NQR frequency mu?)terature and pressure are varied.

be large and the temperature coefficient small on the other ¢ 1pe equivalent Qs of the observed lines,
excited transition. Qeq=¥i/Av;, wherew; is the resonance frequency of the

The signal amplitudes were calculated by the density,pseryed transition antl v, is the linewidth, must be large.
matrix method, similarly to the method described in Refs. 5 114 experiment was performed on a two-frequency

and 6 . The expressions for the amplitudes of the respons%%lsed NQR spectrometérThe sample consisted of poly-
on the two excited transitions of a multilevel spin system arecrystalline ShCJ (resonance of23Sb nuclei,J=7/2). The

T1+ )
Wmm-1

3. The frequency range of the resonant nuclei must be

as follows: temperature dependence of the NQR frequency on the tran-
sition 3/2-5/2 was used for temperature measurements and
Em,m—lzz(l),()m,m—l( —A(X,Y)wmt1m SIN wm,m_l[t the pressure dependence of the NQR frequency for the tran-
sition 1/2—-3/2 was used for pressure measurements. The

Om+1m temperature coefficient of the NQR frequency in the tem-

-1+ omm 1) T+ 7 ] oY) perature range 77—300 K and pressure range 1-400 kg/cm

for the transition 3/2—5/2 equals 6.3 kHz/grad and the
at the frequencyv, -1 and

Em+ 1m=— 2(1 >,<)m+ 1,m{B(Xsy)wm+ 1m sin W4 1,m{t

=27} ) D ag, m l l ’ I ,\

at the frequencyoy,y 1 m. Here () mm—-1 and () m+1m are

elements of the operatdr, in the quadrupole Hamiltonian 0 T4 t
T q representation; the function&(x,y) and B(x,y) are ﬂ A
]

T, t

. . . . . wm m~1
trigonometric functions of the angular durations of the acting i L
pulses;wm m—1 and w1, are the frequencies of the two
excited transitions with a common energy leve]; and 7,
are the time intervals between the pulses; ani$ the mag-  rig. 1. pulsed program of two-frequency excitation of echo signals used for
netic quantum number. simultaneous measurement of temperature and pressure.

0 1,
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pressure coefficient of the NQR frequency on the transitiorthe conditions of excitation of the spin system.
1/2-3/2 equals 75 Hz/kg/cmThe NQR signal frequencies .
measured on these two transitions under standard conditions™ 'E’_ghmg't gng H. Erukge" g-NPhé’lsmab“Ol(wgﬁ- R64. 1364
arev,=37.478 MHz andv,=67.754 MHz. They correspond (1'95%3. da, . . Benedek, and . Bloembergen, Fhys. ES%
to T=300 K andP =1 kg/cnt. Other values of the tempera- 33, Vanier, Metrologial, 135 (1965.
ture and pressure can be measured similarly. “D. B. Balashov and D. A. Ikhenov, Fiz. Tverd. Telzeningrad 16, 1213
In summary, the two-frequency pulsed NQR method (1974 [Sov. Phys. Solid Stat#6, 780(1974].
. . N. E. Ainbinder and V. S. Grechishkin, lzv. Vyssh. Uchebn. Zaved. Ra-
makes it possible to measure pressure and temperature Sig; q-"1q 186/(1967).
multaneously. The accuracy of the measurements of thesea. s. kim, RadiospektroskPerm), No. 19, 153(1989.
parameters depends on the excitation frequencies of the muf-A. S. Kim, Inventor's Certificate No. 1132207984
tilevel spin system, the temperature and pressure coefficien{$, . \aied by M. E. Alferieff

of the frequencies, the widths of the observed signals, anddited by David L. Book
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Determination of fluctuations of the electron temperature and density in an ionization-
unstable inert-gas plasma in a magnetogasdynamic channel

T. A. Lapushkina, E. A. D'yakonova, and R. V. Vasil'eva

A. F. loffe Physicotechnical Institute

Russian Academy of Sciences, St. Petersburg
(Submitted June 16, 1997

Pis'ma Zh. Tekh. Fiz24, 58—62(January 26, 1998

Electron temperature and density fluctuations arising as a result of the development of ionization
instability in nonequilibrium magnetogasdynamic channels, where a pure inert gas without
alkali-metal seeding is used as the working gas, are studied in greater detail. An experiment was
performed in a disk-shaped Hall-type magnetogasdynamic channel combined with a shock

tube, with magnetic inductions greater than the inductaBge 0.57 T at which ionization
inhomogeneities first appear in the experiment. The electron temperature and density were
measured from the drop in the intensity of the continuous radiation in the UV region according
to the Unstd—Kramers and Biberman—Norman theories. On the average, the electron
temperature in inhomogeneities varies from 7000 to 10000 K and reaches its highest values in
small-scale fluctuations. As a result of the absence of ionization equilibrium in the
inhomogeneities, relatively small fluctuationsmgf and a phase shift between the fluctuations of

n. andT, are observed. At the same time, the average values of the electron density

increase with the degree of supercriticality of the magnetic field. This evidently results in a
higher effective conductivity. ©1998 American Institute of Physids$$1063-785(08)02901-2

In our previous work ® it was found that the develop- result, in some spectral regions the intensifyof the con-
ment of ionization instability in pure inert gases without tinuous radiation is frequency-dependent:
alkali-metal seeding results in growth of the effective con-

. _ 2h NN,
ductivity and extracted power. Our purpose in the present 4,35(1;)—2—1/2: , U=y
work is to study the characteristic features of ionization in- _ c” (kTe)
stability in greater depth and to determine the mechanisms " | Aa exp(—hv/kT,), y<v<y
responsible for the observed effects. Our main objective is to A(1— B exp(—hvlkT.), v>wy,

determine the magnitude of the electron temperature and
density fluctuations and to establish the correlation between @ =exphy, /kTe),
them. B=exphv, IkTe)—exphv, IkT,),

The experiment was performed in a disk-shaped Hall B _
magnetogasdynamic channel combined with a shock tube y=expthv, /kTe) —exp(hvy, /kTe) +exp(hvy /kTe);

where a flow of an ionized gas was produced. The apparatus, »,=3x10"s"!, 1, =4.5x10% 1,
the measurement method, and the method for calculating the i = 6% 1041

parameters for a stable plasma are described in Refs. 1and 2. " T _ X
Xenon was used as the working gas. The pressure in th'él}he Xe radiation spectrum in the frequency range10*
low-pressure chamber was equal to 26 torr. The Mach num® ~ there is a substantial wavelength inter@¥0—300 nm

ber of the shock front in the shock tube wil§=6.9. The Whgre the radlathn |nFenS|ty drops off exponentially. In Ref.
values of the flow parameters in the disk-shaped magnetog- Itis shown that in this case the electron temperature can be
gasdynamic channel are presented in Refs. 4 and 5. Th%etermlned using the relation

present experiment was performed with a load coefficient _h v—y

K=0.7. In the experiment, instability starts to develop in Tk In(14/15)

magnetic field8.=0.57 T. _ _ by comparingl , for two frequencies.

The measurement of, andTe, is based on recording the The experiment was organized as follows. A quartz win-
absolute and relative intensities of the continuous radiationgow was inserted in plexiglass disks in the gas-dynamic
The general mechanisms of the continuous emission Wefgnhannel at the radius=9 cm. Rotating mirrors and quartz
established by Uristh and Kramers. Refinements due to the |enses directed radiation from the disk-shaped channel onto a
nonhydrogen-like nature of the complex atoms were takemjiffraction grating. Two regions of the spectrum were ex-
into account in the Biberman—Norman the8ry. tracted:\; =423+ 1.5 nm and\,=313+1.5 nm. The radia-

The energy distribution in the continuous spectrum oftion was detected with photomultipliers. The signals from the
xenon was investigated in detail in Ref. 9. It was shown thaphotomultipliers were fed into a digital oscillograph and pro-
windows are present in the dense sequence of Xe terms. Ascassed in a computer. A shock-compressed gas plug with the
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Mach number of the shock fror¥l,=10.5 served as the the Saha formula but rather by the laws of kinetics explains
standard for the radiation and electron temperature. In Refn part the fact that a phase shift is observed between the
10 it was shown that foM =10 the measured parameters of fluctuations ofn, and T, though regions with high electron
the shock-compressed gas plug agree well with the computedknsity correspond largely to regions with high temperature.
values. It is obvious that in regions with high electron temperature
The absolute values of the temperature were determinetthere was enough time for the electron density to increase as
to within approximately 10%. The relative temperature in thethe electrons moved along the channel, while in regions with
fluctuations was measured to within 5%. The absolute valuea low temperature there was not enough time for the electron
of the electron density were determined to within 30% anddensity to decrease much because the recombination mecha-
the relative values to within 10%. nism is comparatively slow. The average electron density
Analysis of the oscillograms of the radiation for different approximately doubles as the field increases from the critical
magnetic field strengths showed that fluctuations with a duvalueB,=0.57 T up toB=1.0 T. Evidently, the increase of
ration of 3us and shorter are due mainly to photomultiplier the effective conductivity of the plasma as the magnetic field
noise, while the lower-frequency fluctuations characterizédobecomes more supercritical, as observed in previous studies,
the ionization-unstable plasma. explains why the average electron density increases with in-
Figure 1 shows fragments of oscillograms from the pho-creasing supercriticality, despite the formation of inhomoge-
tomultipliers. The fragments correspond to radiation fromneities.
the center of the hot plug for a regime with developed ion-
ization instability aB=1 T. The figure also shows the elec-
tron temperature and density fluctuations. Relatively low-
frequency oscillations with period 70-80@s and higher-  t R v. vasileva, A. L. Genkin, V. L. Goryacheet al, A. F. loffe Physi-
frequency oscillations with a period of about L& can be cotechnical Institute, Russian Academy of Sciences, St. Petersburg, 1991,

distinguished in the oscillograms. This corresponds to the,P- 206. ,
R. V. Vasil'eva, A. V. Erofeev, D. N. Mirshanov, and T. A. Alekseeva,

passage of large inhomogeneities, forming a background, “rex Fiz59, 27 (1989 [Sov. Phys. Tech. Phy84, 728 (1989)].

against which smaller formations can be distinguished, by3Rr. v. vasileva, A. V. Erofeev, A. D. Zueet al, Pis'ma Zh. Tekh. Fiz.
the photomultipliers. The highest values Bf occur in the 20, 27 (1994 [Tech. Phys. Lett20, 734 (1994)].

. 4 o . .
small-scale fluctuations. On the average, the electron tem- A V: Erofeev, R. V. Vasileva, A. D. Zueet al, in Proceedings of the

. . -, . 12th Int. Conf. on MHD Electrical Power Generatio¥iokohama, Japan,
perature in the inhomogeneities varies from 7000 to 10000 ;996 1. 74-g2. P
K. In the case of ionization equilibrium the electron density °R. v. vasil'eva, E. A. D'yakonova, A. V. Erofeeet al, Zh. Tekh. Fiz.
should vary approximately by a factor of 20, but the ob- 6712, 6(19:k7) [Tech. PhyS-4|2, 1376(1997)]-f ] )
. P : T. A. Lapushkina, R. V. Vasil'eva, A. V. Erofeev, and A. D. Zuev, Zh.
ser\{ed quctuatlc_)r_15 ofi, are .much. smallgr, |nd|9gt|pg that Tekh. Fiz.67, No. 12(1997 [Tech. Phys. (1997,
the inhomogeneities are not in an ionization equilibrium. The 7 "ynsdd, Physik der Sternatomspten, Springer-Verlag, Berlin, 1955

fact that the relation betweem, and T, is described not by  [Russian translation, Inostr. lit., Moscow, 1949, p. 530

67 Tech. Phys. Lett. 24 (1), January 1998 Lapushkina et al. 67



8. M. Biberman and G. ENorman, Usp. Fiz. NauR1, 193 (1967 [Sov. 10G. K. Tumakaev and V. R. Lazovskaya Aerophysical Investigations of
Phys. Usp.0, 52 (1967)]. Supersonic Flows$in Russian, Nauka, Moscow, 1967, p. 304.

9 -
A. P. Dronov, A. G. Sviridov, and N. N. Sobolev, Opt. Spektrdsk.677 Translated by M. E. Alferieff
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Thermionic emission galvanomagnetic effect
Kh. N. Vezirov

Scientific Research Institute of Photoelectronics, Baku
(Submitted May 16, 1997
Pis'ma Zh. Tekh. Fiz24, 63-67(January 26, 1998

Experiments are described which permit the existence of an appreciable thermionic emission
current from a photocathode to be established and the dependence of the thermionic emission
current density of the cathode on the temperature, magnetic field, and current passed

through the photocathode to be measured. 1998 American Institute of Physics.
[S1063-785(108)03001-9

As has already been reported, the combined effect of anathode are deflected by the magnetic field in a direction
electric current and a magnetic field on a photoemitter givegerpendicular to the longitudinal ax@ésof the sample, since
rise to the photoemission galvanomagnetic effect. the magnetic induction is perpendicular to the current flow-

Further investigations have led to the discovery of a secing through the photocathode; angdsince it is directed at an
ond emission galvanomagnetic effect. In this effect, the therangle to the plane of the photocathode, the magnetic field
mionic emission current density of a photocathode carrying &auses electrons to accumulate not at the edge of the
current changes in response to a magnetic field. photocathodkbut rather on its entire arg@aurface.

This effect has not been observed in photoelectronic de- The measurements were performed as follows. Voltage
vices (PED9g exhibiting a photoemission galvanomagnetic was applied from the power suppByto the packingd and5
effect! because in these devices the magnetic field was pefFig. 1) without passing current through the solenoid and its
pendicular to the photocathode plane. furnace and a current, measured by the m8tevas passed

Samples of special PEDs with a distinctive design werehrough the photocathode. Simultaneously, a forward poten-
prepared for the experimentSig. 1). Without going into the tial difference in the saturation range of the emission current
technological details of the fabrication of such a sample(from tens of volts and highgwas produced between the
which are quite complicated, we note only that in this PEDanode7 and the photocathode by the power supply 10, and
the substrate 1 for the photocatho@ad therefore the pho- the thermionic emission current was measured with the
tocathode itsejfis not aligned perpendicular to the cylindri- meters1l1 or 12. The thermionic emission current did not
cal shell2 but rather is oriented at an angle-70°). A depend on the strength of the current passed through the
rectangular —0-Cs cathode 3 approximately 150 nm photocathode, i.e., the voltage on the packing. Also, we note
thick, 3 cm wide, and 6 cm long was produced on the subthat on account of the good thermal conductivity of the sub-
strate 1> Two opposite edges of the photocathode were postrate the Joule heat from the current flowing through the
sitioned on two separate silver film conta@iacking, 4 and  photocathode produced virtually no heating of the photocath-
53 The two other edges of the photocathode were free obde (the temperature increased by a fraction of a degree
packing. The part of the photocathode located between thRext, a current was passed through the furnace, the tempera-
packing lay on a glass substrate The vacuum in the vol- ture of the photocathode increased and the thermionic emis-
ume of the sample was equal to fOPa. sion current of the photocathode was remeasured. The mea-

The sample was placed in a special powerful solenoidsurements of the latter current at different temperatures
The solenoid was also equipped with a special furnaceallowed a curve of the thermionic emission current density of
which was used to control the temperature of the photocaththe photocathode versus temperature to be constriEtgd
ode (sample in a range from room temperature and higher.2, straight linel).

The solenoid was constructed in a manner so that it could be Next, a current was passed through the solenoid. This
used in different regimes, i.e., a magnetic field could beproduced in the sample a magnetic field parallel to the Gxis
switched on both with and without the furnace and the fur-of the sample. The measurements described above were per-
nace could switched on both with and without a magnetidormed in the magnetic field by the same method. Measure-
field. When the solenoid was switched on, a magnetic fieldnents performed in different magnetic fields with different
was generated with inductid® oriented perpendicular to the strengths of the current through the photocathode made it
current flowing through the photocathode film and simulta-possible to construct a series of curves of the thermionic
neously at an angle to the photocathode pléaree, B was  emission current density of the photocathode versus tempera-
oriented parallel to the axis 6 of the sampl&he structural ture, magnetic field, and current through the photocathode
features of the sample are now obviousid the interior of  (Fig. 2).

the sample the magnetic induction arising in the solenoid is It was observed that the thermionic emission current
parallel to the electric field between the anodeand the density of a photocathode carrying a current changes in re-
photocathode, so this magnetic field does not disturb the masponse to the magnetic field. The changes were proportional
tion of the electrons in the vacuum from the photocathode tdo the strength of the current through the photocathode and to
the anode; Relectrons drifting in the volume of the photo- the magnetic inductiofFig. 2).
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The effect exhibited odd parity, i.e., when the direction4 and5), though it did not increase to the same degree that it
of the current through the photocathode or the magnetic fieldecreased.
was reversedby changing the direction of the current in the As is well known! when the surface of an g=-O—Cs
solenoid winding, the effect likewise changed sign, specifi- photocathode is coated with a cesium oxide film, a dipole
cally, instead of decreasinfig. 2, straight line2 and3) the  |ayer with a mobile charge appears on the surface bordering
thermionic emission current density increasstiaight lines  ,, the vacuuniFig. 2b. The reason why §—O—Csphoto-
cathodes have the lowest work functiep of all known
materials and therefore the highest thermionic emission cur-

w0 £, rent density is that the composition and structure of the sur-
1 = JI_¢ p — face layer of Ay—O—Csphotocathodes is optimaf
] ) i It is thought that when a current flows through the film
E‘.E 4 of the photocathode, as a result of the deflection of the elec-
=&
|y 3
1 v b

a

trons by the magnetic field, negative charge will accumulate

2 on the photocathode surface next to the vacueompare
with Ref. 1). This is analogous to the appearance of a field

3 that retards the thermionic electrons. For this reason, the en-
ergy levels in the volume of the photocathode must sink
below their levels at the surface and below the vacuum level
(Fig. 2b. The work functionee in this case increases and
the thermionic emision current density decreafég. 2a,
straight lines2 and 3).

Conversely, for a current or magnetic field with the op-
posite orientation, on account of the outflow of electrons the
potential of the photocathode surface increases, the work
function e decreases, and the thermionic emission current
density increasestraight lines4 and5 in Fig. 23.

i The effect observed could be helpful in the investigation
of the vaccuum emission properties of films.

293 303 3713 323 T, X

FIG. 2. g Thermionic emission current densityersus the current passed
through the photocathode, the magnetic field, and the temperdture:
Initial, no magnetic field, currents from 0 to 10 mA;— magnetic field 500
Oe, current 3 mAboth by convention in the forward directipr8 — mag-
netic field 1000 Oe, current 10 mfboth in the forward direction 4 — 2203 (1999 [Tech. Phys41, 1197(1996]. , _
magnetic field 500 Ogopposite directio)) current 3 mA(forward direc- A. H. Sommer,Photoemissive Materials: Preparation, Properties , and
tion), 5 — magnetic field 1000 Oé&orward direction, current 10 mA(re- Uses Wiley, N. Y., 1968[Russian translation, riergiya, Moscow, 19783
verse direction b) Qualitative band diagram of the photocathode— 3W. Hartmann and F. Bernhar®®hotomultipliers[Russian translation,
photocathode without a film of an electropositive material on the surface Gosergoizdat, Moscow, 1961.

bordering on the vacuun2 — photocathode with an optimal cesium oxide 4V. S. FomenkoReference Data on the Emission Properties of Materials
film on the surfacecorresponds to the straight lirfg; 3 — photocathode [in Russiad, Nauk. Dumka, Kiev, 1981; transl. of earlier editiéfand-
with an excess of electrons on the surface bordering the vadeome- book of Thermionic PropertieConsultants Bureau, New York, 1966.
sponds to the straight line® and 3); 4 — photocathode in the case of

outflow of electrons from the surface bordering on the vac@eomesponds  Translated by M. E. Alferieff

to the straight linegt and5). Edited by David L. Book

1 Kh. N. Vesirov, E yu. Salaev, and D. Sh. Abdinov, Zh. Tekh. F&6,
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Diffusion of erbium in silicon
S. Zainabidinov, D. fE. Nazirov, A. Zh. Akbarov, A. A. Iminov, and T. M. Toshtemirov

Tashkent State University
(Submitted December 16, 1996
Pis'ma Zh. Tekh. Fiz24, 68—71(January 26, 1998

Diffusion of erbium in silicon has been investigated by the electric method. The erbium diffusion
coefficient in the temperature range 1150—1250 °C increases froml0.4" to 6.2< 10 3

cn?-s 1. The values obtained for the diffusion coefficient of erbium in silicon are in good
agreement with data obtained by the method of tagged atomsl998 American Institute

of Physics[S1063-785(18)03101-3

A problem of current concern in the physics of semicon-for 5-24 h. After diffusion annealing the samples were
ductor materials science and instrument engineering is inwashed in HF, boiled in aqua regi@HCI:HNG;) for 10
creasing the heat and radiation resistance of silicon. This hasin, and washed in distilled water. The resistivity profile
led to interest in doping silicon with rare-earth eleménfs. was determined by the method of sectioning: etching off thin
In this connection, the diffusion of rare-earth elements inlayers (in a solution 1HF:40HN@ with washing in
silicon merits investigation. However, few such investiga-3HCI:1HNGO;) and measuring the resistivity of the sample by
tions have been performed and the results obtained by dithe four-probe method. The thickness of the removed layers
ferent authors are ambiguous or else doubtful. (0.1-0.5um) was determined by weighing the sample. Mea-

Prior to the present investigation, the diffusion of erbiumsurements performed at several points on the surface showed
in silicon, as noted in Ref. 3, was investigated in Ref. 5,a uniform impurity distribution over the section of the
where an indirect method, the electrical conduction methodsample.
was employed. The activation energy found th&Ee=4.96 We determined the diffusion coefficient of erbium in
eV is undoubtedly questionable, since it is virtually identicalsilicon under the assumption that Fick’s law holds and that
to or even somewhat higher than the activation energy othe surface density of the impurity does not change in time
self-diffusion of silicon® In this connection, in Ref. 7 erbium (diffusion from a constant source into a semi-infinite bpdy
diffusion in silicon was investigated in detail by a direct and using the fact that the profile of electrically active charge
method, the method of radioactive isotopes. carriers is identical to that of the residual quantity of the

This Letter reports the results of an investigation of thediffusant, since the resistivity of the sample is a function of
diffusion of erbium in silicon by successive removal of thin the diffusant density g=f(n), wheren=f[Q(x)]). Here
layers and measurement of the resistivity by a four-prob&(x) is the residual amount of the diffusant andis the
method. density of the electrically active charge carriers. To find the

The diffusion source was produced by depositing erbiundiffusion coefficientD the experimental curve of the residual
chloride on samples ofi-type silicon (=15 Qcm, area
~1.5 cnf, thickness~350 um). Diffusion annealing was

conducted in air in the temperature interval 1150-1250 °C 10”-
1250 1200 150 I
T T T 10’
3
X 2
o 10°
10'
p T L 1 ] L]
’0’3 1 \ 2000 ! 2 3 4 x, pum
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FIG. 2. Resistivity profile of doped and control samplds— SiEr)
FIG. 1. Temperature dependence of the diffusion coefficient of erbium in1250 T — 5 h,2 — SiEr) 1200 T — 5 h,3 — SiEr) 1150 C — 8 h,
silicon. 4 — control samples.

71 Tech. Phys. Lett. 24 (1), January 1998 1063-7850/98/010071-02%$15.00 © 1998 American Institute of Physics 71



resistivity was compared with the theoretical curve for diffu- Our values of the erbium diffusion coefficient agree well

sion from a constant sourée. with the data of Ref. 7. Since, as we determined, erbium is
As the results obtained show, the residual resistivityan acceptor in silicon, our values of the diffusion coefficients

curves can be described by the functierfG corresponding and activation energy of erbium attest to the fact that in

to the solution of Fick’s equations for diffusion from a con- silicon this impurity, just as praseodymidhscandiunt, and

stant source. Figure 1 shows the temperature dependencetbfilium,’ like other group-lll element$,diffuses over the

the diffusion coefficient of erbium in silicon. As follows lattice sites.

from the data obtained, the diffusion coefficient of erbium in

silicon calculated from the curves increases frerh0 3 to

6x10 3 cn?-s 1. The temperature dependence of the dif- * J. Mandelkorn, L. Schwartz, J. Broder, H. Kautz, and R. Ulman, J. Appl.

fusion coefficient is described satisfactorily by an Arrhenius ,Phys.35 2258(1964.
relation N. T. Bagraev, L. S. Vlasenko, V. M. Volle, V. B. Voronkov, I. V.

Grekhov, V. V. Dobrovenskj and A. |. Shagun, Zh. Tekh. Fis4, 917

3eV (1984 [Sov. Phys. Tech. Phy&9, 547 (1984].
D=5%X10"3 exg — —|cm?-s~ 1(1150_ 1250 °Q. 3D. E. Nazyrov, A. R. Regel’, and G. S. Kulikov, Preprint No. 1122, A. F.
KT loffe Physicotechnical Institute, Soviet Academy of Sciences, Leningrad,

. o 1987. ,
Note that the penetration depth of erbium in silicon, de- 4R sh. malkovich and D. ENazyrov, Pis'ma zh. Tekh. Fiz5, 38 (1988

termined by the quantity ¢Dt, is at most a few microns  [Sov. Tech. Phys. Lett5, 136 (1988)]. ,
. . . . 5 i
over the entire experimental interval. It was also found, using; ¥ V- Agfetl,’ NG S IA"S;”'?AV’ha”d V- g‘-AK%"OV'”abi'é"- T 50é197t7)i
. . . . . Frank, U. Gosele, H. Mehrer, and A. Seegerpiffusion in Crystal-
a thermoprobe, that after diffusion annealing erbium on the line Solids edited by G. E. Murch and A. S. Nowick, N. Y., 1984, p. 76.

surface ofn-type silicon manifestp-type conductivity. ’D. E Nazyrov, G. S. Kulikov, and R. Sh. Malkovich, Fiz. Tekh. Polupro-
Together with doped samples, we employetype con- svod,n-25, 1653(199)) [Sov. Phys. Semicon@5, 997 (1991]. _

trol samples to determine the diffusion parameters. The re- D: E. Nazyrov, V. P Usacheva, G. S. Kulikov, and R. Sh. Malkovich,

. . . Pis’'ma Zh. Tekh. Fiz14, 1102 (1988 [Sov. Tech. Phys. Lettl4, 483

sults obtained with the control samples show that the resis- (1988].

tivity profile of the control samples is a straight line and the °G. k. Azimov, S. Z. Zanabidinov, and D. ENazyrov, Fiz. Tekh. Polu-

resistivity profile of the doped samples has a high-resistivity provodn.23, 556 (1989 [Sov. Phys. Semicon@3, 347 (1989].

part near the surface. This confirms that erbium is the diffu~ . jateq by M. E. Alferieff

sant(Fig. 2. Edited by David L. Book
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2.35 pm LEDs for measuring methane
A. A. Popov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute Russian Academy of Sciences, St. Petersburg
(Submitted June 30, 1997
Pis'ma Zh. Tekh. Fiz24, 72-79(January 26, 1998

GaAlAsSh/GalnAsSb/GaAlAsSh double-heterostructure LEDs emitting in the region of the 2.35
pm absorption band of methane have been developed for fast gas analyzers. Different

designs of double heterostructures based on the solid solution GalnAsSb were studied. Continuous-
wave optical power of 1.2 mW was achieved. The methane absorption spectrum for the

LED radiation is presented. @998 American Institute of Physid$§1063-785(18)03201-7

The range of wavelengths near 2,8k is characterized diffusion length -2 wm). When the thickness was in-
by the presence of many vibrational—rotational C—H absorpereased or decreased, the output power dropped.

tion bands of hydrocarbohsand is promising for spectro- Three types of LED heterostructures were grown and
scopic applications, specifically, for ecological and technodinvestigated: type | — p—P-n—-N-n, type Il —
logical monitoring of the environmeft. Attractive n—N—-n—P—p, and type Ill —n—N—-n—P—p. Epitaxial

semiconductor emitters for this spectral region are light-structures of the first two types were grown with Al content
emitting diodes based on multicomponent GalnAsSb solid.50 (E4=1.1 e\) and differed from one another by the type
solutions>* The development of LEDs based on GalnAsSbof doping. The type-I heterostructure was grown go-gype
solid solutions has been reported previously for a wide specsubstrate doped with Ge to hole densijty-(7-9)- 10'®
tral range 1.7—2.4.m; the external quantum yield for LEDs cm™3. The type-Il structure was produced omaype sub-
with A =2.3—2.4 um was equal to~1.2% * A distinguish-  strate withn~(1-3)- 10" cm™3. The type-lil heterostruc-
ing feature of the electroluminescence of such structures wasire was similar to the type-Il structure, but the Al content in
the competition between the interband volume and interfacthe emitter regions was decreased to 34E=1.0 eV).
recombination in the region of the type-ll heterojunction Note that in all three types of LEDs the active region was
n-GaSbh-GalnAsSb, determining the spectral power den-doped with Te to carrier density~(1—2)- 10 cm 3. The
sity of the semiconductor emitter. It was shown that the op-energy band diagrams and schematics of the three types of
timal ratio between the radiative and nonradiative recombiheterostructures produced are presented in Fig. 1. This made
nation channels obtains when the conduction band separatighpossible to obtain and investigate heterostructures without
at the type-Il heterojunction dis less than 200 nreV. a type-Il heterojunction of the type GaSb/GalnAsSb and dif-
The present study is a continuation of our work on in-fering by the characteristics of the emitter regions.
frared emitting heterostructures based on GalnAsSb. It is de- Round mesa diodes, prepared by photolithography and
voted to LEDs that do not contain a type-ll GaSb/GalnAsShkdeep chemical etching into the substrate, were investigated.
heterojunction and are intended for spectroscopic detectiolhe total size of a single LED crystal was 50600 xm.
of hydrocarbons in the wavelength range near 218. The emitting surface are8~7-10 % cn? was determined
The LEDs consisted of a GaAlAsSb/GalnAsSh/ by the mesa diametéB00 wm). The semiconductor crystal
GaAlAsSb symmetric double heterostructure grown bywas mounted on a standard TO-18 case. A parabolic reflector
liquid-phase epitaxyLPE) on a GaSh(100 substrate. The was mounted on the case at the same time, making it pos-
epitaxy technology for the heterostructures was reported presible to collimate the LED radiation in a solid angle of
viously in Ref. 6. The structures consisted of four epitaxiall0—12°. The total dimensions of the LED with the parabolic
layers: an active GalnAsSbh layer was sandwiched betweereflector were 9 mm in diameter and 5.5 mm in length.
two N- and P-GaAIlAsSb wide-gap emitter@.5 uwm thick); The investigations were performed on an apparatus as-
a narrow-gap heavily doped GaSb layér5 um thick) was  sembled in a synchronous detection scheme on the basis of a
grown for the purpose of producing a low-resistance contactMDR-2 monochromator and GalnAsSb photodiode. The out-
All layers were lattice-matched with the GaSb substrate. Th@ut radiation was collected in an IMO-2M optical power
active GalnAsSb layer was characterized by an indium conmeter.
tent of 0.21 E;=0.53 eV). The wide-gap GaAlAsSh con- The current—voltage characteristi@¥Cs) of the LEDs
fining layers were doped with Te and Ge to densitywere of a diode character. The IVCs of the heterostructures
(2-4)-10" cm 3 and (6—8) 10® cm ™2 for N- andP-type differed from one another by the cutoff voltage, equal to 0.26
layers, respectively. The active GalnAsSb layer was doped® for type-l, 0.70 V for type-Il, and 0.57 V for type-lll
with Te to electron density (1—-2)10'7 cm 3. The LED structures. For all forward-biased structures the series resis-
heterostructures were investigated as a function of the activiances~5-6 (), and the type-l and -lll IVCs had two sec-
layer thickness in the interval from 0.5 to 16m. It was  tions with an inflection point near 6 mA. For low biases the
found that the maximum radiative recombination efficiencylVCs can be described by the formules |, expeU BKkT),
occurs for active layer thicknesses of order . We note  wheree is the electron chargd; is the temperaturd,, is the
that the optimal thickness was much less than the carriesaturation current, equal to 0.05, 0.012, and Q:¥8for the
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FIGP- 1 NEnergy baﬂ?l diagrams %f LEE hete:ﬁstrUCtU':IeSZ tgpe-l —recombination spectra. The position of maximum emission
?c). Thr(]e typer-‘l(g)r%(;y-rl)lestructr;reéa gnd b chniz’a}zp(()e.SO%,:I in thne emitFt)er was virtually mde_pendent of the magnitude of the m]eCted
layers and differ from one another by the type of doping. The type-lll current and a shift at an average rate of 0.05 nm/m in the
heterostructuréc) contains 34% Al in the emitter layers. long-wavelength direction was observed. The total tempera-
ture shift of the maximum was equal to 54-55 meV. All
values were 8—15 meV smaller than the computed tempera-
type-l, -Il, and -l structures, respectively, and the coeffi-ture broadeningAE, of the band gap. The emission spec-
cient 3=1.4—-1.5. trum was characterized by large broadening at both room
The spectral and power characteristics of the diodesemperaturg45—-60 meV FWHM and liquid-nitrogen tem-
were tested in the continuous-wa(€W) regime at room perature(24—27 meV FWHM.
temperature. The radiation was observed under forward bias The current dependences of the output optical power are
with the current amplitude above 2 mA. A rapid power in- presented in Fig. 3. The optical power increased up to
crease was observed up to injection currents of 20 mA.  currents of the order df=120 mA and contained three sec-
For all structures the spontaneous-emission spectruriions with different exponents. Up to 40 mA the dependence
consisted of a single emission band with the typical profilewas characterized by superlinear growth. In the current range
for infrared LEDs(Fig. 2). At 50 mA the maxima of the up to 120 mA the slope decreased and above 120 mA the
type-l, -ll, and -lll spectra were observed at wavelengthscharacteristic saturated. On cooling to liquid-nitrogen tem-
N=2.327, 2.332, and 2.30xm, respectively. The corre- perature the output power increased by a factor ranging from
sponding widths of the spectt&WHM) were equal to 0.27, 8 (for type-I structurg up to 25(for type-Il structure. How-
0.22, and 0.25%um. The LED radiation absorption spectrum ever, the curve constructed for type-Il structures was charac-
(Fig. 2) of a methane-filled cell at atmospheric pressure conterized by a high output power over the entire range of cur-
firms that the LEDs investigated are promising for detectiorrents. The maximum continuous power of 1.2 mW was
of hydrocarbons by absorption spectroscopy at room temachieved with an injection current of 120 mA for type-ll
perature. After cooling to liquid-nitrogen temperature structures. The external quantum yield at a current of 50 mA

(T=77 K) the maxima shifted in the short-wavelength direc-was equal to 2.25 and 1.7% for type-I, -Il, and -l structures,
tion to A=2.1 um for the the type-l and -II structures and respectively.
2.06 um for the type-Ill structure. The FWHM of the emis- The characteristics presented showed that the spectral

sion spectrum decreased to 0.085-0.¢8% for all LEDs.  and electrical properties of GalnAsSb/GaAlAsSb double het-
We note the following observed features of the spontaneousrostructures agree for total recombination in the interior of
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of heat outflow into the substrate through the four-
component solid solution and an increase in the injection of
hot carriers. In addition, heavy doping of emitters and a high
interfacial height intensify the tunneling leakage currents,
but they decrease the forward-current density in the emitters.
For type-l structures the weak temperature dependence and
the low power of the radiation indicated the presence of tun-
neling carrier leakage, most likely occurring at thén het-
eroboundary with an active region. Nonetheless, the
GaAlAsSb/GalnAsSb/GaAlAsSb type-ll symmetric semi-
conductor heterostructure is best for achieving maximum
spectral power density at low feed currents. Most important
for producing infrared LEDs adapted from the standpoint of
practical spectroscopic applications is the presence of large
conduction band offsets, whose magnitude exceeds the band
gap of the active region.

In summary, in the present Letter we report the develop-
ment of LEDs for detection of C—H hydrocarbons at wave-
lengths near 2.3um. The investigations showed the advan-
tage of a symmetric LED heterostructure constructed without
a type-ll GaSh/GalnAsSb heterojunction, since radiation
from them is characterized by high spectral power density in
the entire region of continuous pump currents. For room
temperature, a maximum continuous-wave optical power of
1.2 mW (3.710 *® W/m?srH2 was achieved at wave-
lengths near 2.3cm. It was shown that the LEDs are prom-

FIG. 3. Power characteristics of the LEDs. The dependences were obtaindgiNg for detection of hydrocarbon molecules by the methods

with a dc feed current at room temperatute— Typed , 2 — type-Il, and

3 — type-lIl structures.

of absorption spectroscopy using the LEDs investigated.
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Instability of periodic stationary waves in an active nonlinear medium with high-
frequency losses

A. A. Koronovskil and I. S. Rempen

Educationat-Scientific Center “Kolledzh”, N. G. ChernyshevsBiaratov State University
(Submitted May 29, 1997
Pis’'ma Zh. Tekh. Fiz24, 80—87(January 26, 1998

The stability of stationary waves in nondispersive nonlinear active media with high-frequency
losses is studied. It is shown that waves with wavelength greater than some minimum
value \ i, can exist in such a medium. All stationary waves are unstable with respect to small
perturbations of their profile, but as the wavelength increases, the lifetime of the wave
increases and for waves with long wavelengththe lifetime can be long enough that these
waves can in some sense be regarded as stablel998 American Institute of Physics.
[S1063-785(108)03301-1

It has long been known that stationary wavies., waves &= (x—Vot)Ju/v, 7= ut, and assuming=u(&,7), we go
whose profile does not change with tiean exist in non-  over from Eq.(1) to the equation
linear active media. Moreover, the stationary solutions of the
corresponding nonlinear partial differential equations are
probably the simplest solutions to obtain, since the time- 2
: - L - : du  d%u
independence of the solutions makes it is possible to switch ~= _ — =uf(u). )
(for one-dimensional problemsfrom partial differential T g2
equations to ordinary differential equatiorisee, for ex-
ample, Refs. 1-4

At the same time, one of the most important questions It is known that Eq(1) admits a solution in the form of

concerning statlonary_ waves, thel_r stability, cannot be solvegeriodic stationary traveling waves propagating with velocity
on the basis of a stationary solution. Indeed, cases when t —V,.8 However, the question of whether such periodic

'E't'al (ljlﬁerent|al et()quatlonsb?dml_t hstatlonary SOIUt'OITZ,bUt stationary waves are stable remains open. An answer to this
the solutions can be unstable with respect to sma 'Sturfwestion can be obtained, for example, by solving &.

bances, and therefore stationary waves will not exist in reaj, erically with the appropriate boundary and initial condi-
systems, are entirely possible. Thus, additional investigatiog .

is required in order to draw a conclusion about the stability
(or instability) of stationary waves?®
In the present Letter one of the simplest nondispersive
nonlinear active media with high-frequency losses is studied!(0,7)=u(D,7), ug0,7)=ug(D,7), u(£,0)=¢(§), (3
A long transmission line, illustrated in Fig. 1, can serve as a
model of such a medium. If it is assumed that the nonlinear-

ity in the line is weak, then the equation describing the proyyhereD is the dimensionless wavelength apd¢) is the
cesses occurring in such a medium in a one-wavenijtial distribution. Actually, we study instead the dynamics
approximatiori will have the fornf of a system that closes on itself in a ring and is described by
Eq. (2) with wavelengthD.®
There exists, however, another method that can be used
to determine the character of the stability of periodic station-
au au o2 ary waves. Let us replace the functibtu)=(1—u?)u by
E"‘VO&_Vﬁ:Mf(U): (1)  the piecewise-linear functiorf(u)=—u+|u+3—|u—3.
Of course, in this case the nonlinear medium with high-
frequency losses will be a somewhat different from the one
described above but, on the face of it, there should be no
whereu is the dimensionless voltagejs the dimensionless large sharp differences in this case. The piecewise linear
time, Vq is the propagation velocity of waves in a linear form of the functionf(u) makes it possible, in turn, to make
lossless mediumy is a high-frequency dissipation param- use of the circumstance that the system becomes linear on
eter, u is the nonlinearity parameter, ari¢u) is the nonlin-  the corresponding segments, which can be helpful in analyz-
earity function(a dimensionless characteristic of the activeing the processes occurring in(#ee, for example, Ref. 10
nonlinear element which must limit the growth of the The profile of a stationary wave propagating in a me-
oscillations and which, as a rule, is chosen in the formdium described by Eq2) with the boundary and initial con-
f(uy=(1—u?u. Introducing the new variables ditions(3) will be determined as
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(1 L . e<L
> cotE sin §é—cos¢|, <L,
1 S .
> 2+tanh§ smk(§—L)—cosf(§—L)>, L<é<L+S,
w@={ . (@)
E(cos{g—L—S)—cotEsin(g—L—S)), L+S<é=2L+S,
1 S .
\ > cosr(g—ZL—S)—tanhE sinh(é—2L—-9)—2|, 2L+S<és<2L+S,
|
whereL andS are related by the relatiohs pointsgil,z(r) whereu(gil,z(r),r)= +1/2 the question of the
L S stability of these waves reduces to the question of the stabil-
cot—= =tanh— (5) ity of these characteristic points. It can be shown that for
2 2 such points
and ' .
2(L+9)=D. 6) g, (A& ) ~AgyA7), ®

One can see from Eq&}) and(5) that stationary waves with \where 55‘1,2(7)=g‘1,2(¢)—g‘1,2 is the displacement of the
wavelengthy =2 can exist in the medium described by Eq. characteristic poing},(7) relative to the characteristic point
(2). (Correspondingly, in a medium described by Ef).the ¢, of the stationary wave at time. It is obvious that the
minimum wavelength of a stationary wave will be deviation will grow and therefore such stationary waves also
A min= 27/l . with S=0, when|u(x,t)<1/2| for anyx.) It are unstable.
is easy to see thdt decreases monotonically from as S We note that local disturbances of a stationary wave
increases from O. grow in time for sections of the wave profile where
It can be shown that stationary waves in our system ar¢u(¢,7)|<1/2. At the same time, it is easy to see that local
unstable: Ifu(&,7)|<1/2 holds for anyz, then there exists disturbances decay for sections of the wave profile where
an analytic expression describing the evolution of the systu(&,7)|>1/2. Thus, the rate of growth of disturbances in

tem: the profile of a stationary wave will be determined by the
o 2 ratio of the lengths of the “stable” and “unstable” sections

u(é&,m)=ag expn)+ >, a, 005(_5) of the wave profile. Since on the basis of the relatithsand
n=1 D (6) the ratioS/L of the lengths of the stable and unstable

% sections increases with no limit as the wavelengtlof a
_[2mn : . . .
+> b, sm(—g) stationary wave increases, the profile of a stationary wave
n=1 D can be expected to collapse all the more slowly the longer
the wavelength of the wave. For a quantitative description of
, % this circumstance, we introduce the quantiy which we
' shall call the “lifetime” of a stationary wave. The lifetime of

h h ffici db d ined by the initial a stationary wave of wavelengthis to be understood as the
where the coefficienta, andb, are determined by the initial - ;6 jnterval over which a specific disturbance of the profile
distribution ¢(&). It is obvious from the solutior(7) ob- of a stationary wave

tained above that all such waves are unstable as a result of
the existing components, and a,, by, 0<k<n. On the NGRS 0
other hand, for waves whose profile contains characteristic o(r)= N & |u(§,7)—u(§)|dé ©)

doubles in size, i.e.,8(7)=26(0), as §(0)—0 and
u(¢,7)—ul(&€)=const. It is obvious that the lifetimg of a
Ll stationary wave increases with the wavelength of the wave,
— YT and theoretically the lifetime can be long enough so that, to
within a prescribed accuracy, the profile of the stationary
wave remains for a finite time interval. In this sense, station-
R ary waves with long wavelengths can be regarded as
stable.
I(U) Numerical simulation resufts confirm the conclusions
C1 obtained on the basis of an analysis of Eg8) with a
] piecewise-linear functiof(u). Waves that are close in terms
of the profile of the stationary waves can exist for some time
FIG. 1. Long transmission line: model of a nondispersive nonlinear activein a ring of length greater than2 Figure 2 displays curves
medium.
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FIG. 4. Collapse of a stationary wave with wavelengt8 and establish-
ment of a stationary wave with wavelength in a medium with a cubic
0 function f(u).
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FIG. 2. Lifetime 7, of a stationary wave versus the wavelengttof the
wave: 1 — Medium with a piecewise-linear functiof(u), 2 — medium
with a cubic functionf(u).
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of the lifetime of stationary waves, calculated from E8),

versus the wavelength of the waves for the profilé4) with YMore accurately, A(+S)=D/n, wheren=1, 2, ... ,Npa, such that
piecewise-linear and cubic functiorig¢u). The curves pre-  D/n=2m, should be used instead of H§). However, we shall study only
sented clearly show that in both cases the lifetime of the the cases where exactly one wavelength of a stationary wave fits within the

. ith limit th | thi ring. It is obvious that the case where several wavelengths fit within the
waves increases with no imit as the wavelength incréases, S(?ing can be reduced to the preceding case by decreasing the length of the

that in some sense waves with largeare stable. Since the  ring by the appropriate factor.
lifetime increases with Wavelength, a transition from station-?Direct numerical simulation of Eq2) with the boundary and initial con-

. . - . 1 1
ary waves with short wavelengths to waves with long wave- ditions (3) was performed for the functionf(u)=—u-+[u+3[—[u—3]
Iengths occurs, as shown in Figs. 3and 4, in a ring whereand f(u)=(1—u?)u. A six-point classical Crank—Nicholson schethe
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| losi | wish t d iati t nonlinear equations was solved by a hybrid method: The exterior iterations
n closing, 1 wish to express my deep appreciation 10 .o performed using the Seidel method and the interior iterations were

Professor D. I. Trubetskov, Corresponding Member of the performed by Newton's methdd.The coordinate step,=0.01 and time
Russian Academy of Sciences, for his unfailing kindness andsteph,=0.0025 were chosen as the parameters of the scheme.
assistance and also to V. G. Anfinogentov, Candidate of

1 M. I. Rabinovich, Izv. Vyssh. Uchebn. Zaved. RadioflZ, 477 (1974.

2L. A. Ostrovski, Nonlinear Waves: Dynamics and Evolutiin Russian,
Nauka, Moscow, 1989, p. 29-50.

3Yu. I. Neimark and P. S. LandaStochastic and Chaotic Oscillations,
Kluwer, Dordrecht, 1992Russian original, Nauka, Moscow, 1987

“A. C. Scott Trans. IRE CT-9, 1921962.

SA. Scott, Active and Nonlinear Wave Propagation in Electroniggiley,
N. Y., 1970[Russian translation, Sov. Radio, Moscow, 1p77

5W. EckhausStudies in Nonlinear Stability Theorgpringer, New York,
1965.

’G. B. Whitham,Linear and Nonlinear WavedViley, N. Y., 1974[Rus-
sian translation, Mir, Moscow, 1977

8M. I. Rabinovich and D. I. Trubetskovntroduction to the Theory of
Oscillations and Wavefn Russiary, Nauka, Moscow, 1984.

®M. Kholodniok, A. Klich, M. Kubichek, and M. MarekMethods for
Analysis of Nonlinear Dynamical Mode[sn Russiand, Mir, Moscow,
1991.

10R. J. Buratti and A. G. Lindgren, Proc. IEE®, 1392(1968.

_; 11p. J. RoacheComputational and Fluid Dynamicddermosa Publishers,
0 10 20 § Albuquerque, N. M., 197¢Russian translation, Mir, Moscow, 19B0

* 2A. A. Samarski and A. V. Gulin, Numerical Methodgin Russiad,

Nauka, Moscow, 1989.

FIG. 3. Collapse of a stationary wave with wavelengi8 and establish-
ment of a stationary wave with wavelendgth and longer lifetimer, in a Translated by M. E. Alferieff
medium with a piecewise-linear functidifu). Edited by David L. Book

78 Tech. Phys. Lett. 24 (1), January 1998 A. A. Koronovskil and I. S. Rempen 78



Production of high-current electron beams in an explosive-emission diode at gas
pressures ~1072-1071 torr

fE. N. Abdullin, G. P. Bazhenov, E. F. Balbonenko, and S. E Kunts

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk; Institute
of Electrophysics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg

(Submitted April 18, 199y

Pis'ma Zh. Tekh. Fiz24, 88—92(January 26, 1998

Data on production of electron beams witt200 keV electrons and above100 A beam

current in a diode with an explosive-emission cathode at background gas presdifes-10 !

torr are presented. Discharge regimes with high-voltage stage duration up to 500—800 ns at
102 torr and 80 ns at 10" torr have been obtained. The duration of the electron beam behind a
50 um thick titanium foil was equal to 200 and 400 ns, respectively, and was limited by

the transmittance of the foil. €998 American Institute of Physids$$1063-785(18)03401-9

The production of high-current electron beams with9.6 cnf, made of carbotekstim, brass coated with a lead sol-
background gas pressurps-10~10"" torr is of interest  ger and tungsten were used. Ceramic tubes were used to
in connection with efforts to expand the working pressureyotect the nonemitting sections of the cathode and cathode
range of vacuum diodes and with the possibilities for subyg|ger from ignition of a gas discharge and to decrease cur-
stantial simplification of the vacuum system and the designgnt leakage. Graphite and duraluminum were used for the
of the electron accelerator. anode. The interelectrode gap widthvaried from 8 to 170

Electron beams obtained in this pressure range have @m The electron energy spectrum of the diode was judged
relatively short current pulse duration10™ s as a ruld.  om measurements of the fraction of the electronic current
The beam duration is limited because of breakdown of th?eaching the collector in vacuum through a window in the

diode, which causes a low-voltage arc discharge to be Strucéfnode with cross sectic, =350 cn?, geometric transmit-
in the interelectrode gap. Breakdowns are attributed to th? cek=100%, and a 5Qum thick titanium foil cover. In a
appearance of plasma in the interelectrode gas as a result |$lﬁ1mber of exr,)eriments a window witB,,=64 cn? and
ionization of the background gas by the electron beam and tB: 38% was used: in this case the electron beam was ex-
ignition of a gas discharge in the vacuum chamber of thefracted into the atr‘rymsphere

acceleratof™* The limitation of the duration of electron '

. ) . . Figure 1a shows oscillograms of the voltageon the
beams restricts their use and complicates the design of th
iode, the current, of the electron-beam collector, the cur-
pulse generator.

In the present Letter we report the results of an investi-rerlt |y reaching thes, =350 cnt window, which were all

gation of the possibility of protracting the high-voltage stageObtamed by applying a pulse from &&= 17 nF generator at

—10"2 i
of a discharge in an explosive-emission diode at backgrounﬁ.rers]surrtp B 10t torr% gne dganhsee that thehdluratmm;l;]t[] ﬂe 10
gas pressuregs~ 10 2—10 ! torr and thereby increasing the Igh-voltage stage ot the discharge 1S much longer tha

duration of the electron beams generated. It is obvious that and electron beam generation continues even as the current
the appearance of a plasma in the interelectrode gap does HBtthe diode Increases. The maX|m7u2m duration of the high-
signify that an arc discharge is struck and beam generatio‘r‘uon""gf"lStage s 500-800 ns@t-10 to_r; and~80 ns at
ceases. Estimates show that the conductivity of the interele®=10 "~ torr (Fig. 1b. At pressurep~ 10" torr and higher
trode gap does not increase much after plasma appears. A4 V|r_tually independent of the interelectrode gap width, the
result, there is a possibility that the voltage on the diode ca§Mission surface area of the cathode, and the electrode ma-
be kept at a level much higher than the arc-burning voltageterial. Conditioning of the discharge gap occurs: The dura-
thereby blocking the transition of the discharge to the ardion of the high-voltage stage increases by 10-20% after
stage. Our plan was to increase the duration of the high="50—100 pulses from th€=17 nF generator are applied to
voltage stage of the discharge and correspondingly the durdbe diode. Switching on & =330 pF generator in the
tion of the generated electron beams by using electrodes cofepetitive-pulse mode with frequency 240 Hz approximately
sisting of materials characterized by a low plasma productioioublesr.
rate and adopting measures to decrease the dropoff rate of It was established that electron-beam generation in the
the voltage on the interelectrode géjmiting the emission ~ diode occurs in the entire pressure range fromi®° up to
surface area, decreasing current losses, and ensuring that & 10~ ! torr. The duration of the current puldg of the
the power supply has adequate power and capatity beam at the collector reached 200 ns at presgurd0 2

The experiments were performed using two Arkad’ev—torr, 40 ns atp=10"1 torr, and 20 ns ap=5x10"* torr.
Marx generators with output voltage of up to 300 kV, capaci-The collector current is observed to cut off at a voltage
tance C=17 nF and 330 pF per pulse, and characteristic~130—140 kV across the cathode—anode gap, when elec-
impedance of the discharge circgit 20 and 14Q), respec- trons can no longer pass through the foil.
tively. Cathodes with a flat emitting surface a®a= 0.2 and Figure 2 shows the values of the ratio of the collector
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Tops A o 200 ¢ il; the case of the S,=350 cnf window and
L 0__ , z.oj 205 p=5x10"5-3x10 2 torr in the case of the other window.
| 1001 To estimate the changes occurring in the energy spectrum
0.6 200t during the pulse in the case of tBg= 350 cnf window, the
' |y, &V a values of the ratid ./kl,, were calculated at different times
- 0 during collector current, and in the case of tBg=—350
0,6 | 0k cn? window they were calculated only for the instant corre-
| :Ip,A sponding to maximum voltage on the diode. One can see that
04l 0 A in both cases the fraction of the beam current passing
| s00 Tw. A through the foil onto the collector is determined only by the
B 4 voltage on the diode. Changes in the background-gas pres-
021+ sure as well as the current flow time have no effect on the
- 4 ¢ fraction of the beam current reaching the collector. It can
o IZFL L (40) (s0) O P therefore be assumed that the electronic current at the high-

voltage stage of the discharge with gas pressure increasing at
least up top=23X 102 torr, just as in a vacuum diode with
FIG. 1. Oscillograms otJ, I, andl,, with S,=0.2 cn? andd=125 mm  p~10 %—10"° torr, is transported by a beam of electrons
(@) and curvegb) of the durationr of the high-voltage stage versus pressure with energy corresponding to the voltage applied to the di-
e e e 330  vepaie e e: The values obisined it (1) agree wel with the
Fﬂ; and single-pulse?) regimes:S,—9.6 cn? (3)pand 0.2 crﬁ?n all otﬁer thgqretlcal curve(3) of the transmission coefficient of the
casesd=170 (L, 5, 6) 15 (4), 12 (2, 7) and 8(3) mm; cathode material: T0il in terms of the number of particldsThe observed de-
brass(1, 5), carbotekstim(2—4, 7), and tungsteri6). viations ofl./kl,, from the theoretical values in the case of
the S, =65 cn? window arise because the transmittance of
the window is in reality lower than the geometric value, the
electrons in the beam propagating in the gas scatter, and part
currentl,, to the currenkl,, at the foil of theS,, =350 cnf  of the beam and secondary emission reflect from the collec-
(1) and 65 cm (2) windows calculated from oscillograms tor surface.
recorded at different background-gas pressures. Oscillograms In summary, it has been demonstrated that the high-
obtained at pressurgs=5x 10 °-10 2 torr were used in voltage stage of a discharge in an explosive-emission diode
at gas pressures 10 2-10 ! torr can be protracted. It was
shown that in the high-voltage stage the electron current is
transported by an electron beam. The energy of the electrons

l_ l’ ] - l_ l~ ];
216"107 5:16% 2962 167 10° Torr

I [k . ; . . .
 1o/k L in the beam is determined by the voltage applied to the di-
a7 ode, just as in the case of background-gas pressure
~10 4-10° torr.
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