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Transformations in the electronic subsystem of metal solid solutions near a radiation-
induced phase transition
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Nonmonotonic changes in the mechanical properties of various alloys are demonstrated under the
action of radiation which stimulates phase transitions. A comparison with the results of
measurements of the thermoelectric power confirmed the assumption that the nature of the
interparticle bonds changes. ©1998 American Institute of Physics.@S1063-7850~98!00112-8#
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It has been observed1–3 that in metal solid solutions ex
posed to ion bombardment a special state of matter form
a narrow range of radiation parameters~doses, irradiation
temperatures, and flux densities!. This state is characterize
by heterophase properties occurring in a previously homo
neous equilibrium material, the properties change subs
tially ~particularly the microhardness!, and an unusual mor
phology appears~spatial self-organization!.

This set of properties can identify this state as a diss
tive structure predicted by the thermodynamics of irreve
ible processes ‘‘far from equilibrium,’’4,5 and the observed
transformation can be regarded as a kinetic phase transi

This solid state has unique properties for different ma
rials ~Fe–Ni, Fe–Cr–Ni, and Cu–Ni fcc alloys, Fe–Cr an
V–Ti–Cr bcc alloys, and pure Zr and Ti metals with an h
crystal lattice! and different methods of ion bombardme
~accelerator, plasma, cw and pulsed!. When the ion energy
and species and the ion flux intensity vary, the properties
the state are the same, although it appears in a different r
of external parameters.

The principal indicator for this state is a change in t
x-ray diffraction pattern which denotes the appearance
heterophase properties, i.e., splitting of the diffraction pe
or a specific change in their shape.3 At the same time, sub
stantial changes in the properties and structural morpho
are observed in the range of diffraction effects. Figure
shows an example of structures observed on two diffe
scale levels~using metallography and electron microscop!.
Both cases reveal a clearly defined spatial organization.

In many cases, the changes in the properties of allo
especially the microhardness, in the region of existence
these dissipative structures are anomalously large. For
ample, in Fe–Cr alloys the microhardness exce
10 000 MPa~initial value 2000 MPa!, in V–Ti–Cr alloys it
exceeds 12 000~initial value 1600 MPa!, and in Fe–Cr–Ni
alloys it is around 7000 MPa~initial value 1500 MPa!. Such
a high level of microhardness in metals cannot be descr
in terms of any dislocation mechanism and has thus b
assumed that the state of the metallic bond changes in
region of the dissipative structure.
9071063-7850/98/24(12)/3/$15.00
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In order to check out this idea, we measured the te
perature dependence of the thermoelectric power. For
experiments we used Fe–12Cr–Mo–V–Nb, V–4Ti–4Cr,
and Fe–18Cr–10Ni–Ti alloys for which the initial state w
a solid solution in all cases. The samples were bombarde
40 keV Ar1 ions in an accelerator at various irradiatio
temperatures~between room temperature and 900 °C f
V–Ti–Cr and between room temperature and 600 °C
Fe–Cr–Ni! and to various doses~Fe–Cr, 500 °C, between
0.531018 and 1.531018 ions/cm2). The thermoelectric
power was measured by an integration method6 using an

FIG. 1. Microstructure of Fe–12Cr–Mo–W–V–Nb alloy recorded by
metallographic analysis~a! and electron microscopy~b!.
© 1998 American Institute of Physics
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FIG. 2. Microhardness~a! ~the dashed line gives the initial value!, temperature dependence of the thermoelectric power~b! ~1 — initial value!, and
temperature coefficient of thermoelectric power~c! in Fe–12Cr–Mo–W–V–Nballoy bombarded by 40 keV Ar2 ions (500 °C) to different doses;1 —
s-phase.
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apparatus based on a PMT-3 microhardness meter in w
the indenter was replaced by a tungsten tip on which w
placed a microfurnace brought in contact with the surface
the metal~hot junction!. The results of the measurements a
shown in Figs. 2–4.

For irradiated Fe–Cr alloys in the range of parameter
which a dissipative structure exists~Fig. 2!, the slope of the
temperature dependenceE(T) varies from the initial sample
with radiation dose, the largest changes being observed a
highest dose of 1.531018 ions/cm2 and the slopeS5
2dE/dT being the opposite of that in the initial sampl
Also plotted for comparison is the curve ofE(T) for the s
phase of the FeCr intermetallide with a predominantly co
lent bond. It can be seen thatS has different signs in the
metal solid solution and the intermetallide. Thus, as the d
ch
s
f

n

the

-

e

increases, the ‘‘metallic’’ coefficient of thermoelectric pow
rotates to the ‘‘covalent’’ coefficient and the changes inS
correlate with the changes in the microhardness.

The same ‘‘dielectrification’’ is observed for the V
Ti–Cr alloy. In this case, a dissipative structure appears
irradiation temperatures in the range 500–700°, which c
responds to the strongest radiation hardening~Fig. 3!. The
slope ofE(T) varies from the initial value at 100° to 200°
and then increases until 600°, where all the effects are st
gest, and then returns to the initial value at higher tempe
tures. The changes inS calculated using these curves corr
sponds to the changes in microhardness.

The same correlation was observed for Fe–Cr–Ni allo
~Fig. 4!. The slope of the temperature dependence of
f
FIG. 3. Microhardness~a! ~the dashed gives the initial value!, temperature dependence of the thermoelectric power~b!, and temperature coefficient o
thermoelectric power~c! in V–4Ti–4Cr alloy bombarded by 40 keV Ar1 ions (1.531018 ions/cm2) to different temperatures.
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FIG. 4. Microhardness~a!, temperature dependence of the thermoelectric power~b!, and temperature coefficient of thermoelectric power~c! in Fe–18Cr–
10Ni–Ti alloy bombarded by 40 keV Ar1 ions (1.531018 ions/cm2) to different temperatures.
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thermoelectric power also varies in parallel with the oth
effects but the sign of the changes is the opposite of
observed for Fe–Cr and V–Ti–Cr alloys. We can postul
that this is caused by differences in the electronic structur
the two different crystal lattices, i.e., bcc~Fe–Cr and V–
Ti–Cr alloys! and fcc~Fe–Cr–Ni!.

We know thatS is a function of the derivative of the
density of states at the Fermi surface. Such differences
quite feasible in alloys of transition metals with multip
connected Fermi surfaces.
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Long-range influence of weak photon irradiation „0.95 mm wavelength …

on the mechanical properties of metals
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It has been established that when 18mm thick permalloy foils are exposed to 0.95mm light for
0.2–100 s, the microhardness increases on both sides. This effect is not caused by radiation
heating and is discussed in terms of a model proposed earlier to explain a low-dose long-range
effect under ion bombardment. ©1998 American Institute of Physics.@S1063-7850~98!00212-2#
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We have already observed1–5 changes in the mechanica
properties of rolled metal foils at low (1013– 1016 cm22) ion
or electron irradiation doses. Since the changes extend
distances much greater than the ranges of the bombar
particles~as far as the opposite sides of foils 10–100mm
thick!, this effect has been called a low-dose long-range
fect. The model proposed by us6 indicates that this effect is
caused by the action of radiation-excited elastic waves o
system of extended defects. A characteristic feature of
effect is that it is observed not only under irradiation con
tions when atoms can be knocked from sites and the par
energy is dissipated mainly in elastic~nuclear! losses but
also when atoms cannot be directly knocked out and
particles are slowed predominantly by inelastic~electron! en-
ergy losses. This factor has stimulated experiments in wh
the electronic system of a metal is excited by optical~laser!
radiation rather than by corpuscular radiation, with an av
age power density of the same order of magnitude as tha
corpuscular radiation. In this case, the macroscopic hea
is negligible and energy is absorbed mainly in a thin surf
layer of the foil. The main difference is that under corpusc
lar irradiation energy is introduced as space–ti
‘‘bunches’’ ~cascades!, whereas under optical irradiation, th
energy is quasiuniform in the plane parallel to the surfac

Here we used permalloy-79 foils, the material for whi
the most investigations have been made of the low-d
long-range effect. The foils were 18mm thick and illumina-
tion was provided by 0.95mm cw semiconductor laser radia
tion with power density 0.25 W/cm2. The microhardnessH
was measured using a PMT-3 microhardness meter. The
were averaged over ten indentations, each of which was m
sured four times. The mean arithmetic error was less than
at the 0.9 confidence level. The deviations ofH for different
samples prior to irradiation were also within this limit. Th
load was 50 g, for which the indentation depth w
;1.5 mm.

Figure 1 shows the relative changes inH induced by
irradiation, on the irradiated side and on the opposite sid
the foil, plotted as a function of the illumination timet
~since the duration was measured in seconds, the valut
50.2 s is very approximate!. It can be seen that the micro
hardness increments (DH/H) substantially exceed the erro
9101063-7850/98/24(12)/2/$15.00
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and the systematic nature of the dependence ont serves as
additional evidence that the effect is realistic. The decre
in the increment (DH/H) with irradiation time indicates tha
the (DH/H) curve must have a maximum at a time of le
than 0.2 s.

In order to check that the change inH under irradiation
is not caused by heating of the sample by the laser beam
determined the values ofH for foils exposed to brief anneal
ing ~2 min! in a furnace at temperatures up to 373 K. N
changes inH compared with the initial value were observe
within experimental error. In our case, the temperature of
samples under irradiation is known to be lower than 373
i.e., the observed effect is not caused by radiation heatin

We shall now discuss this effect. We know from th
literature7,8 that exposure of solids to hard~vacuum! ultra-
violet radiation may give rise to defects. However, the def
formation mechanisms proposed by Klingeret al.7 and
Koz’ma et al.8 clearly cannot be applied directly to the in
frared (0.95mm). In addition, they do not explain why th
changes inH observed on the opposite side of the foil a
greater than those on the irradiated side. We are also fam
with a photomechanical effect9 in which illumination directly
during indentation influences the depth of indentation
measurements ofH. In our case, however, the change inH
occurs after illumination and persists for at least a mo
~although the changes do undergo partial relaxation ove
few days or weeks!. In order to emphasize the differenc
from the photomechanical effect,9 it is appropriate to call this
effect a photomechanical metal memory effect.

In our view, following the reasoning put forward at th
beginning of this article, the nature of the effect is basica
the same as the low-dose long-range effect under ion b
bardment: changes inH are caused by the generation of ela
tic waves and their action on initial extended defects such
dislocations, grain boundaries, and so on. Further detail
this mechanism are given in Refs. 1–6. An important role
the generation of elastic waves under photon irradiation m
be played by the internal photoeffect in which electrons
knocked out of the metal into the natural oxide, followed
the evolution of processes similar to those described
Klinger et al.7 However, point defects are not necessar
formed in the oxide—elastic waves can be generated by
© 1998 American Institute of Physics
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FIG. 1. Relative changes in microhardness versus illuminat
time: 1 — irradiated side,2 — opposite side.
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parting momenta to the oxide atoms as a result of the C
lomb forces associated with charge transfer.

The nonmonotonic variation of (DH/H) with irradiation
time may be similar to that for the nonmonotonic depe
dence on the dose under ion bombardment. According to
elastic wave model, (DH/H) may be larger on the unirradi
ated side than on the irradiated side because of compet
between elastic wave attenuation~dissipation! and amplifica-
tion in secondary processes.10 Obviously, these explanation
are of a preliminary nature, since the effect requires m
detailed study. Note that we established an effect simila
that described not only for permalloy foils but also for co
per ones. Moreover, preliminary experiments have sho
that as under ion bombardment,5 the changes inH are trans-
ferred across the interfaces of the foils when stacks are
diated. We hypothesize that this effect is fairly general an
characteristic of solids with a high degree of structural i
perfection.
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Results are presented of experimental investigations of various regimes for exposure of metal
samples~steel 45! to XeCl laser radiation to enhance their microhardness and wear
resistance. The specific power and radiation energy were varied between 7.53106 and
13108 W/cm2 and between 1 and 20 J/cm2, respectively. It was shown that a specific
microhardness can be predefined for surface layers of metal to depths up to 300mm as a function
of the irradiation regime. ©1998 American Institute of Physics.@S1063-7850~98!00312-7#
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The development of high-power ultraviolet excimer l
sers has stimulated the search for their possible applicat
in new technologies.1–3 This explains the increased intere
being shown in experimental and theoretical investigati
of the interaction between ultraviolet radiation and metals4–6

At present we do not have any clear physical picture of
action of ultraviolet excimer laser radiation on metals. Ar
tyunyanet al.4 reported experimental and theoretical inve
tigations of the action of pulse-periodic XeCl laser radiati
of intensity;106– 108 W/cm2 on various metal targets~Al,
Cu, Ti! in vacuum and in various buffer gas media. The
authors showed that at high radiation intensities the m
target is heated more slowly because of the pulsed en
losses to vaporization, whereas at low intensities this slow
is caused by thermal radiation and transfer of heat into
metal. The power density was taken to be the main facto
the action, while the role of the energy density was neglec
in connection with the interaction between the radiation a
the metals.

Here, results of experimental investigations of the act
of XeCl laser radiation on metal samples~steel 45! are re-
ported, which indicate that their microhardness and w
9121063-7850/98/24(12)/2/$15.00
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resistance are enhanced, depending on the irradia
regimes.

In the experiments the laser radiation intensity (W) act-
ing on the samples was varied between 7.53106 and
13108 W/cm2 and the energy density (Q) was varied be-
tween 1 and 20 J/cm2 for pulse lengths between 30 an
200 ns. The investigations were carried out using three s
samples ~I–III ! which had undergone conventional he
treatment ~quenching, tempering!. The initial microhard-
ness H1 after heat treatment had the following value
I — 600 kgf/mm2, II — 620 kgf/mm2, and III —
650 kgf/mm2. The front surface of samples II and III wa
exposed to laser radiation in the following regimes:~1!
Q51.5 J/cm2, W57.53106 W/cm2; ~2! Q55 J/cm2,
W52.53107 W/cm2; ~3! Q510 J/cm2, W55
3107 W/cm2; and ~4! Q520 J/cm2, W513108 W/cm2.

The microhardness measurements were made usin
PMT-3 device with loadP50.1 kg. At the surface of the
samples the microhardness varied as follows: sample II:
~1!, 570 kgf/mm2; sample III: 440~3! and 820 (4) kgf/mm2,
where~1—4! are the laser irradiation regimes. Depending
the energy density and the radiation intensity, the surf
for
ia-
FIG. 1. Changes in microhardness versus depth
steel 45 samples II and III exposed to XeCl laser rad
tion in regimes1–4.
© 1998 American Institute of Physics
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microhardness decreased~regime3! or increased~regime4!
up to 25%. The decrease in the microhardness was cause
self-diffusion of carbon under irradiation, while the increa
was evidently attributable to surface evaporation of
metal.

The variation of the microhardness with sample de
was of the greatest interest. To measure this, a transvers
was made and the surface was then ground and polis
~without cold hardening, i.e., surface hardening!. The micro-
hardness measurements were made using the PMT-3 d
by varying the depth of the cut with an approximate step
50 mm. Figure 1 gives the microhardness (Hm) of samples II
and III over the depth~1 mm! of a transverse polished sectio
as a function of the irradiation regimes~1–4! for H15620
~II ! and 650 (III! kgf/mm2. For regimes~1–3! Hm increased
with sample depth as the energy density and radiation in
sity increased as a result of heat being transferred into
metal. A further increase in the energy density to 20 J/c2

and the radiation intensity to 13108 W/cm2 ~regime4! was
accompanied by the opposite effect. The surface microh
ness increased and then decreased almost linearly to a d
of ;100 mm, then remaining constant below the initial lev
as a result of tempering of the material caused by overh
ing. Thus, depending on the irradiation regime, the mic
hardnessHm can vary with the depth of the material as far
300 mm.

The samples were also investigated for wear resista
using a type of disk-block. The counterbody was a ShKh
steel disk coated with titanium nitride. The wear investig
tions were carried out in air with the parametersP525 kgf
andn580 rpm. Figure 2 gives the mass loss as a function
time. Since the samples were heated appreciably after
abrasion times, the wear resistance studies were termin
after 15 min. The curves can be divided into three secti
~1–3!. Section1 corresponded to abrasion of the sample w
the counterbody. In section2 the mass losses of the irrad
ated samples differed little from those of the initial samp
~I! which is consistent with the microhardness of the
samples,~Fig. 1, curves1 and 2!. In section3 the wear of
sample I differed sharply from that of the irradiated samp
II and III.

Thus, these results supplement the conclusion reac
by Arutyunyanet al.4 that optimum heating regimes exist fo
metal samples not only as a function of the laser radia
intensity but also as a function of the energy density a
irradiation time. On the basis of these investigations the
lowing results were obtained:

1. It has been shown that the microhardness and w
resistance of metals~using steel 45 as an example! can be
enhanced as a function of the ultraviolet irradiation para
eters~radiation intensity and energy density!.
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2. Specific microhardness properties of metal surfa
can be produced over depths up to 300mm by different ther-
mal regimes of ultraviolet irradiation.

The author would like to thank V. M. Diamant~Repub-
lican Engineering Center, Siberian Branch of the Russ
Academy of Sciences! for assistance in preparing the micro
hardness and wear resistance samples.
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FIG. 2. Relative losses of samples abraded using a friction machine
a function of time for normal~I! and XeCl-laser irradiated sample
~II and III!.
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Investigation of some characteristics of electron emission from the surface
of a PLZT ferroelectric
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Results are presented of an investigation of some characteristics of electron emission from the
surface of a PLZT ferroelectric~TsTSL in Russian! when a pulsed voltage is applied to
the sample. It is shown that the emitted charge is compensated by migration of electric charge
through the bulk of the ferroelectric. The energies of the emitted electrons were estimated
for a specific ferroelectric sample, and it was shown that the residual gas pressure influences the
emitted charge. The results were obtained using a new method for direct measurement of
the average pulsed currents in the electrode circuits of the solid-state ferroelectric sample and in
the collector circuit. ©1998 American Institute of Physics.@S1063-7850~98!00412-1#
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Information on electron emission from the surface o
ferroelectric was first published in Ref. 1. Polarization rev
sal by high-voltage pulses persisting on the order of a
tens of nanoseconds gives extremely large pulsed emis
currents.2,3 However, many aspects of the emission mec
nism remain unexplained. How is the emitted charge co
pensated and what is the influence of the residual gases i
vacuum? The present paper attempts to address these is

The measuring cell was very similar to those describ
in Refs. 2 and 3. The sample was a 1 mm thick disk of hig
compressed unpolarized PLZT lanthanum-containing lea
tanate zirconate ceramic~having the composition 9/35/65!
with a diameter of 12 mm. Silver electrodes were depos
on the sample, consisting of a solid 10 mm diameter e
trode on one side and a grid with period 0.2 mm and spac
0.2 mm on the side facing the collector. The collector in
form of a metal cup was moved up to the sample and co
pletely collected all the emitted electrons. The distance
tween the sample and the inner surface of the collector
5–6 mm. The high-voltage pulse had the following para
eters: amplitude up to 3000 V and width at half-maximu
70 ns. The pulse repetition frequency was 10 Hz. The m
suring system allowed us to determine the average curr
in the electrode circuit rather than the pulsed values of
current or charges,2,3 so that it was possible to measure t
current in the solid electrode circuit and the current in
grid circuit.

Figure 1 gives the average current in the solid electr
circuit ~input currentI in), the grid currentI g , and the collec-
tor current~output currentI out) plotted as a function of the
collector voltage for a constant pulsed voltage. Particular
tention is drawn to the existence of an input currentI in , i.e.,
a current caused by the migration of charges between
solid and grid electrodes. This current was previously
known and is most likely a hole current. The current balan
conditionI in5I out1I g is satisfied. The output current and th
grid current depend strongly on the collector potent
whereas the input current depends very little on this pot
9141063-7850/98/24(12)/2/$15.00
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tial. The following pattern of events emerges. The electro
leaving the ferroelectric have an appreciable energy spr
and possess considerable energy, in the present case
600 eV. When the collector potential is negative, some of
electrons cannot overcome the retarding collector poten
and return to the grid. The grid current increases and
collector current decreases, almost to zero. When the co
tor potential is positive, an increasingly large number
emitted electrons reach the collector as its potential increa
and the grid current decreases and may become very sm

The dependences of all the measured average curren
the residual gas pressure were then measured when a p
voltage was applied to the sample. The measurements w
made at zero collector potential and the results are plotte
Fig. 2. The average input and output currents are very sim

FIG. 1. Input current (I in), output current (I out), and grid current (I g) versus
collector voltage. The onset frequency was 10 Hz and the amplitude o
pulsed voltage was 1500 V.
© 1998 American Institute of Physics
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whereas the grid current remains much lower. An increas
the residual gas pressure is accompanied by an increase
the currents. The sharp increase in the collector current w
increasing pressure is not caused by an increase in the

FIG. 2. Input current (I in), output current (I out), and grid current (I g) versus
pressure in measuring chamber. The onset frequency was 10 Hz, the c
tor voltage was 0 V, and the amplitude of the pulsed voltage was 1500
in
all

th
ur-

rent ion component. The same number of positive and ne
tive charges are formed as a result of ionization of the g
The positive ions should significantly increase the grid c
rent, but this is not observed. The ion component of
output current is obviously relatively small. The increase
the observed currents with increasing pressure can be a
uted to the anomalously strong emission as a result of
Malter effect5,6 caused by the adsorption of positive ions
the residual gases on the surface of the ferroelectric.

The most interesting conclusion to emerge from this
periment is that the charge emitted from the surface of
ferroelectric is compensated by the current flowing throu
the bulk of the ferroelectric. The mechanism for this curre
flow has not yet been clarified, but hole conduction may p
some part.

This work was supported financially by the ‘‘Integra
tion’’ Program, Project No. 5-82.
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Trapping of solvent by a C 60 fullerene film

O. F. Pozdnyakov, B. P. Redkov, B. M. Ginzburg, and A. O. Pozdnyakov

A. F. Ioffe Physicotechnical Institute, St. Petersburg;
Institute of Problems in Mechanical Engineering, St. Petersburg
~Submitted June 5, 1998!
Pis’ma Zh. Tekh. Fiz.24, 23–29~December 12, 1998!

Mass spectrometry was used over a wide temperature range to compare processes of solvent
~toluene! release and desorption of C60 fullerene molecules from a fullerite film formed from
solution on an oxidized metal substrate. It is shown that toluene is strongly retained in the
fullerite film and that it is almost impossible to remove the toluene from the film without damaging
its structure. Quantitative characteristics of the toluene retention and trapping effect are
determined. ©1998 American Institute of Physics.@S1063-7850~98!00512-6#
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Polymer–fullerene composites are attracting close at
tion among researchers because fullerenes have proved
an active modifier of the thermal,1–3 mechanical,4–6 and
optical7,8 properties of polymers. Thin-film polymer–
fullerene composite structures are usually deposited o
substrate from suitable solutions. The planar centrifuga
and deposition versions of the solution method, for exam
can produce thin homogeneous polymer coatings for var
purposes which satisfy the requirements of microelectron
Thus, accurate allowance must be made for the role of
solvent in the formation of the structure of ultrathin compo
ite films.

In studies of the thermal stability of thin
C60-fullerene-filled polymer films, attention was drawn to th
fact that toluene is retained in the composite film up to te
peratures at which it is completely destroyed. In order
identify the reason for this toluene behavior, we also stud
layers of C60 deposited on a substrate from solution as
model system.2 The result of these investigations of the the
mal stability of single-layer and polylayer C60 structures
should provide a quantitative description of solvent retent
and trapping by the fullerite film.

A 1.1 mg/1 ml solution of C60 in toluene1! was deposited
on the surface of an oxidized tantalum foil substrate hol
using a microsyringe@the room-temperature solubility of C60

in toluene is 2.9 mg/ml~Ref. 9!#. A 10 ml droplet of solution
flowed over the surface, occupying an area of;0.5 cm2,
which corresponds to a fullerite layer with a calculat
weighted-mean thickness of 100 ML~1 ML5;231014

cm22). The solvent continued to evaporate in air for a fe
minutes. After drying, the substrate with the film was plac
in the vacuum chamber of an upgraded MX-1320 mass s
trometer. When a vacuum of order 1024 Pa was reached in
the chamber, the sample was heated linearly at a rate
K/s. The kinetics of the release of residual toluene molecu
was recorded from the intensity of theJ92 mass spectral line
which corresponds to a molecular ion (M1592 u).

Figure 1a shows typical kinetics of the release of tolue
under heating. It can be seen that toluene is desorbed sta
from room temperature and reaches a first, fairly broad m
mum rate of desorption atT1

max;75 °C. The desorption in-
9161063-7850/98/24(12)/3/$15.00
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tensity then decreases monotonically to;350 °C, still re-
maining very substantial. Above this temperature the tolu
release again increases as far asT2

max;440 °C, and then
drops to the background level. A comparison between
desorption kinetics of toluene nearT2

max and the thermal de-
sorption kinetics of the fullerene molecules recorded fro
the J720 line intensity, which corresponds to the mass o
C60

1 ion ~dashed curve in Fig. 1a!, reveals that these are th
same, i.e.,Tmax5T2

max>440 °C. This implies that in this tem
perature range the release of toluene is caused by subl
tion of C60. Since the release of toluene near 75 °C is e
dently caused by thermally stimulated desorption
molecules from the solvation sheath, retained despite
high vacuum~so-called bound solvent!, the delay in its re-
lease up to fullerene sublimation temperatures must
caused by trapping of solvent molecules by the structure
the fullerite film. Thus, the high-temperature release of to
ene takes place only as a result of damage to the film st
ture.

Trapping of the growth medium by a growing sing
crystal is a common phenomenon and is observed du
crystal growth in ultrahigh vacuum~carbon trapping! and
especially in solution. Intercalation in various layered cry
tals or some inert gases in fullerite is a well-known effect10

The trapping scales depend on many factors, among them
growth rate of the single crystal.11 In our case, the kinetics o
the toluene release not only indicates that solvent impuri
are present in the C60 film but also, as we shall show subs
quently, serves as a source of new information on the s
cific characteristics of toluene–fullerene interaction in t
solid phase and on other characteristics of this system.

By calibrating the sensitivity of the mass spectromete12

we were able to make some quantitative estimates of
retention and trapping of toluene molecules. For our con
tions the total number, i.e., the sum of the numbers of
tained ~desorbed before the onset of C60 sublimation! and
trapped~released in the course of sublimation! toluene mol-
ecules is 431015 molecules per;4.531015 C60 molecules
in the polylayer, i.e., is close to a 1:1 ratio. The quantity
© 1998 American Institute of Physics
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FIG. 1. Temperature dependence of the rate of toluene releaseJ92 and fullerene releaseJ720 from polylayer~a! and monolayer~b! coatings.
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trapped toluene is 7.5 mol.% of the total recorded amoun
331014 molecules. This means that one solvent molecule
‘‘embedded’’ in approximately fifteen C60 molecules. Figure
1b shows the kinetics of toluene release from a fullere
monolayer obtained by depositing 10ml of a one hundred
times diluted initial C60 solution on a substrate. The sublim
tion kinetics of this C60 is also shown by the dashed curve.
can be seen that no toluene desorption peak is observed
T2

max ~440 °C!. The other characteristics of the kinetics a
similar to the polylayer experiments.

The activation energyEact for desorption of C60 from the
monolayer determined using the Arrhenius equation is 8262
kJ/mol and that for the polylayer isEact>105 kJ/mol. An
estimate ofEact for desorption of toluene from the solva
layer near 75 °C gives a value of a few~13–15! kJ/mol, i.e.,
close to the heat of evaporation of toluene in this tempera
range.

Experiments were also carried out to record the rele
of toluene when the sample was heated in the chamber o
mass spectrometer by two procedures:~1! incomplete heat-
ing to T1$180 °C% ~curve a!, holding atT1 for 1 min, and
cooling to room temperature~curve a8!, and ~2! repeated
complete heating of the sample. The results plotted in Fig
suggest that there is a broad spectrum of toluene states i
fullerite film, since preliminary heating only removes sp
cific states and does not affect those higher up the temp
ture scale.

The shape of the curve can be altered particularly
adding a solution of large organic molecules or macrom
ecules to the initial fullerene solution. The addition of ma
romolecules alters the kinetic desorption curve of the solv
~Fig. 3!. It can be seen from the figure that the addition
macromolecules to the system~in this case polycyanurat
prepolymer! causes a sharp drop in the toluene retained
trapped in a composite film sample. In other words, the p
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ence of macromolecules alters the formation conditions
the fullerite film and thus the structure and adsorption pr
erties.

Note that the structure of a composite film also inh
ently contains solvent molecules because of the presenc
fullerene. Moreover, the kinetic curves of the solvent rele
indicate the fullerene state in this composite film for t
given preparation conditions. For example, if the toluene
lease and the evaporation of fullerene molecules from
film have similar slopes, this implies that the fullerene in t
polymer is in the form of clusters or microcrystallites wi
trapped solvent molecules. The absence of any toluene
lease from the composite film in the;440 °C range serves

FIG. 2. Kinetics of toluene release from a polylayer during~a! preliminary
heating to 180 °C and~b! repeated complete heating.
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to indicate that the fullerene has a molecularly disperse
tribution in the polymer.

To sum up, we have studied the retention and trappin
solvent by a fullerite film and we have demonstrated t
macromolecules have a dispersing effect on the structur

FIG. 3. Comparison of the kinetics of toluene release: a — from a C60

polylayer and b — from a composite film containing the same quantity
fullerene and polycyanurate macromolecules~molar ratio;10:1!.
s-

of
t
of

the fullerite film. We have determined the energy charac
istics of the thermal dissociation of the films and the quan
tative parameters of the retention and trapping effect.

This work was carried out as part of the program of t
St. Petersburg Scientific Center of the Russian Academ
Sciences~Project No. 13!.

1!The C60 fullerene~.99 wt.%! was synthesized in an arc discharge at t
Laboratory of Professor G. A. Dyuzhev, A. F. Ioffe Physicotechnic
Institute, Russian Academy of Sciences.
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Investigation of the decay of Freon-12 „14… molecules in a transverse
nanosecond discharge

A. K. Shuaibov

Uzhgorod State University
~Submitted May 7, 1998!
Pis’ma Zh. Tekh. Fiz.24, 30–34~December 12, 1998!

Results are presented of an investigation of the characteristics of a transverse nanosecond
discharge in Freon-12 and Freon-14 (CF2Cl2 and CCl4 molecules! at pressures of 1–3 kPa.
The plasma radiation spectra in the range 200–600 nm and the lifetime and temporal charac-
teristics of the Freon decay product radiation were studied. The energy cost of the decay
of a CF2Cl2 molecule does not exceed 10–20 eV/mol which is consistent with corresponding
data for a microwave discharge. This discharge is of interest for applications in systems
to purify air from Freon impurities, which are the main factor responsible for the formation
of the ozone holes. ©1998 American Institute of Physics.@S1063-7850~98!00612-0#
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Freon pollution of the Earth’s atmosphere has recen
become one of the main factors responsible for the forma
of ozone holes.1 Several types of self-sustained discharg
can be used for local purification of the atmosphere.
instance, Akhvledianiet al.2 and Gritsininet al.3 studied the
decay of CF2Cl2 molecules in a high-power CO2 laser spark
and in surface and microwave discharges. Such invest
tions have not been made for a transverse nanosecond
charge. Studies of a Freon plasma under the conditions
transverse nanosecond discharge are of additional intere
connection with the use of CF2Cl2 and CCl4 molecules in
electric-discharge excimer lasers and lamps.4,5 In these de-
vices they serve as halogen carriers whose decay determ
the efficiency and service life of the excimer emitter.

The present paper reports investigations of the charac
istics of a transverse nanosecond discharge in CF2Cl2 and
9191063-7850/98/24(12)/2/$15.00
y
n
s
r

a-
is-

f a
t in

es

r-

CCl4 at a total pressure of<3 kPa. Studies were made of th
plasma radiation spectra and the lifetime and temporal c
acteristics of the Freon decay product radiation.

A transverse nanosecond Freon discharge was ignite
an 1832.230.7 cm volume using automatic spark preio
ization of the 2.2 cm interelectrode gap. The discharge w
ignited using a system for transferring the charge of the m
capacitance C1530 nF to a peaking capacitanceC0

59.4 nF. The switch was a TGII 1000/25 hydrogen thy
tron. The plasma radiation was analyzed using an MDR
monochromator with a 1200 lines/mm diffraction grating,
Foton photomultiplier, a 14-FS linear electron multiplie
and a 6LOR-04 oscilloscope. The system used to ex
the discharge and record the plasma characteristics was
scribed in more detail by Shubainovet al.6 and Shuaibov
no-
FIG. 1. Plasma radiation spectra of a transverse na
second discharge in Freon-12 and Freon-14 atP
51.2 kPa.
© 1998 American Institute of Physics
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et al.7 The energy input to the discharge was 0.1– 0.5 J/c3.
When the Freon-12 content was low (P<0.5 kPa) and
U55–12 kV a homogeneous green discharge was igni
which became contracted atU>12 kV to form a dense set o
thin luminous filaments uniformly filling a large part of th
discharge volume. When the Freon-12 pressure was
creased, the discharge near the anode consisted of a den
of short green flashes, but a homogeneous blue disch
burnt in most of the interelectrode gap. Here we shall p
particular attention to the study of transverse nanosec
discharges at elevated Freon densities.

Typical plasma radiation spectra of a transverse na
second discharge are shown in Fig. 1. In the ultraviolet
observed a high-intensity 247.9 nm CI(2p– 3s) line and the
N2(C–B) and CN~B–X! bands, while C2~A–X) Swan bands
were identified in the visible. A broad band with a maximu
at 280–300 nm is typical of CF2Cl2 molecules. A similar
band, the CI line, and C2~A–X! bands were observed in th
plasma radiation spectra of a microwave discharge.2,3 After
103– 104 transverse nanosecond discharge pulses, the am
tude and width of this band decreased, which may serv
an indicator of the rate of decay of the CF2Cl2 molecules.
The radiation spectra of the CCl4 discharge do not contain
similar broad band with a maximum at 470 nm which is o
served in a dc discharge at low CCl4 pressure (P
<0.05 kPa)~Ref. 8!. This indicates that the CCl4 molecules
decay completely and very efficiently in a transverse na
second discharge, since the appearance of thelmax

5470 nm band is attributed to the excitation of CCl4 decay

FIG. 2. Oscilloscope traces of voltage~1!, current~2!, and radiation~3–7!
for a Freon-14 discharge atP51.2 kPa and U512 kV: 3 —
247.9 Cl (2p23s), 4 — 466.9 C2 ~A–X)(6 – 5), 5 — 516.5 C2

~A–X)(0 – 0), 6 — 337.1 N2 ~C–B)(0 – 0), and7 — 388.3 nm CN~B–
X!~0–0!.
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products, CCl3 and C2Cl4 . Similar decay products of CF2Cl2
molecules may be responsible for the appearance of
lmax5280– 300 nm band in the spectrum~1! ~Fig. 1!.

Measurements of the brightness of this band as a fu
tion of the number of discharge pulses showed that it reac
0.5I max after 43103 pulses. This number of pulses approx
mately corresponds to the decay of all the Freon-12 m
ecules in the discharge chamber or their conversion to o
compounds. At pressure 1.2 kPa andn553103 pulses~tak-
ing into account the specific input energy to the plasma
the passive volume of the discharge chamber!, the energy
consumption for the decay of a Freon-12 molecule
10–20 eV/mol, which is almost the same as that for a mic
wave discharge.2

Figure 2 gives oscilloscope traces of the voltage, curre
and plasma radiation of a transverse nanosecond disch
A characteristic feature of Freon discharges is that during
entire energy input to the medium the intensity at the el
trodes is appreciable, which is similar to an Ne/SF6 dis-
charge with prebreakdown ionization multiplication of th
electrons.9 The radiation on the C2(A–X) and CN~B–X!
transition increases smoothly and reaches a maximum w
the voltage is completely removed from the interelectro
gap. This indicates that recombination population mec
nisms are present or that C2* and CN* molecules are formed
in reactions involving excited carbon atoms, which can
seen from the time correlation of the C2(A–X), CN~B–X!,
and CI(2p– 3s) radiation~Fig. 2!.

The radiation attributable to transitions of the nitrog
molecule~present in small quantities in the residual gas! had
an oscilloscope trace with two peaks shifted relative to
pump current peaks. This is caused by the collisional mec
nisms for population of N2~C) under our experimenta
conditions.

To sum up, an investigation of a transverse nanosec
discharge in Freons has shown that atP 5 0.5–3 kPa, this is
a spatially homogeneous discharge similar to that with pr
reakdown ionization multiplication of the electrons. Th
CF2Cl2 molecules decay within<53103 pulses with spe-
cific energy consumptions of 10–20 eV/mol, which are t
same as those in a microwave discharge.

1G. A. Askaryan, G. M. Batanov, S. I. Gritsininet al., Zh. Tekh. Fiz.66~3!,
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Selective infrared multiphoton dissociation of CF 3I molecules in a pulsed gasdynamic
stream: Dependence of the 13C enrichment factor in the C 2F6 product on the
molecular concentration in the beam

G. N. Makarov

Institute of Spectroscopy, Russian Academy of Sciences, Troitsk
~Submitted June 17, 1998!
Pis’ma Zh. Tekh. Fiz.24, 35–40~December 12, 1998!

An investigation was made of isotopically selective infrared multiphoton dissociation of CF3I
molecules in a pulsed gasdynamic stream. It was observed that the13C enrichment factor
in the C2F6 product depends strongly on the molecular concentration in the stream. Reasons for
this result are discussed. ©1998 American Institute of Physics.@S1063-7850~98!00712-5#
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Highly selective laser separation of isotopes of hea
elements~U, Os, W, . . .! by infrared multiphoton dissocia
tion of UF6 , OsO4 , WF6 , . . . molecules1 can only be
achieved when the molecules are highly cooled in gas
namic jets or streams.2,3 This is because of the small isotop
shift in the infrared absorption spectra of these molecu
(Dn is<1 cm21). However, when gasdynamic jets an
streams are used, collection of the products presents m
problems. Previously,4,5 in order to understand the process
accompanying the infrared multiphoton dissociation of m
ecules in gasdynamic jets and flows, and also to develo
method of obtaining and efficiently collecting products e
riched in the desired isotope, we investigated the dissocia
of CF3I in a pulsed beam. This molecule was selected
cause the infrared multiphoton excitation and dissociation
CF3I has been fairly well studied,6–10 including in a molecu-
lar beam,11 and its dissociation yields stable products~C2F6

and I2). This molecule was initially considered as an initi
substance for large-scale laser separation of car
isotopes.12 In Ref. 4 we developed an approach which c
produce a highly enriched residual gas in a single irradia
cycle, while in Ref. 5 we studied the possibility of obtainin
products enriched in the desired isotope~C2F6 and COF2).
We showed5 that the C2F6 yield drops sharply with decreas
ing concentration of CF3I molecules in the stream, caused b
losses of CF3 radicals to the walls of the chamber in whic
the molecular stream is formed. In order to reduce the los
of radicals, we suggested using a buffer~acceptor! gas in the
chamber at a pressure of 3–5 mTorr. This appreciably
creased the yield of products, especially when oxygen
used as the radical acceptor in the chamber. However, we
not examine the influence of concentration effects on
enrichment factor in the products.5 Nevertheless, the enrich
ment factor, together with the yield of the desired product
an important parameter of the separation process.13 The
present study examines how the concentration of CF3I mol-
ecules in the stream affects the13C enrichment factor of the
C2F6 product.

The experimental setup, measurement technique,
procedure for collecting and analyzing the products and
residual gas were described in detail in Refs. 4 and
9211063-7850/98/24(12)/3/$15.00
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Briefly, we used a pulsed ‘‘current loop’’ nozzle14,15 with a
nozzle opening pulse of half-height durationtnozzle>150 ms.
The vacuum chamber in which the molecular beam w
formed had a volumeVch>20 l and was evacuated t
>1025 Torr using a turbomolecular pump. The stream w
formed using two thin~100 mm! metal strips attached to th
wall of the nozzle. The molecules were excited by a TE
CO2 laser pulse. During irradiation of the molecules in t
stream, the main evacuation channel of the vacuum cham
was closed. The products and residual CF3I gas formed after
irradiation were collected in a cryogenic trap connected
the chamber. After the end of the irradiation cycle, the g
from the trap was collected in an optical cell for infrared a
mass analysis.

The 13C enrichment factorK13
prod of the C2F6 was inves-

tigated as a function of the total numbernfl of molecules in
the stream and also as a function of the time delaytdel be-
tween the nozzle pulse and the exciting laser pulse. The
richment factor was defined as

K13
prod5~2I1211I120!/~ I12012I119!j, ~1!

where I121, I120, and I119 are the intensities of the mass pea
of the C2F5

1 ion, andj513C/12C>0.011 is the ratio of the
percent content of carbon isotopes in the initial CF3I gas.
The numbernfl of molecules in the beam was determin
from the pressure incrementDp in the vacuum chamber afte
n nozzle pulses with the pumping shut off,

nfl5~pfin2pin!Vch/nkT5DpVch/nkT ~Y>300 K!, ~2!

and also from the infrared absorption spectrum of the C3I
molecules collected from the vacuum chamber in the opt
cell after n nozzle pulses. Since the pulsed beam was s
tially bounded and had a fixed volume5 (Vfl>50 cm3),
changes innfl and tdel altered the concentration of irradiate
molecules in the stream and henced that of product CF3 radi-
cals.

Figure 1 shows the dependence K13
prod(nfl). The mol-

ecules were irradiated at the frequency 1043.16 cm21

~9P~24! laser line! in resonance with then1
13CF3I vibration.16

This was the frequency at which the maximum enrichm
factor of the C2F6 product was observed.5 Also plotted is the
© 1998 American Institute of Physics



of

ing

922 Tech. Phys. Lett. 24 (12), December 1998 G. N. Makarov
FIG. 1. Dependence of the13C enrichment factor of C2F6 ~1! and
the C2F6 yield ~2! on the total number of CF3I molecules in the
stream, nfl . The molecules were irradiated at a frequency
1043.16 cm21 ~9P~24! laser line! and energy densityF51.6
J/cm2. The time delay between the nozzle pulse and the excit
laser pulse wastdel5250 ms.
t

ce
e

. I

as

n

-
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f

f

-
to
m-
C2F6 yield as a function ofnfl , QC2F6
(nfl). It can be seen tha

as nfl decreases, not only the yield but also K13
prod decrease.

For instance, when nfl decreases from >1.431017

molecules/pulse to>5.231016 molecules/pulse, K13
prod de-

creases from>25 to >10. Figure 2 shows the dependen
K13

prod(tdel). Also plotted for comparison is the curv
QC2F6

(tdel), obtained for excitation of12CF3I molecules at
the frequency 1071.9 cm21 ~9R~10! laser line!5 which char-
acterizes the time evolution of the molecular flux intensity
can be seen thatK13

prod decreases fairly substantially astdel

increases and decreases relative to the valuetdel>280ms for
which the highest-intensity part of the molecular flow w
irradiated. Thus, this result reemphasizes thatK13

prod decreases
substantially as the concentration of product CF3 radicals in
the flow decreases.

In the author’s view, the decrease inK13
prod with decreas-

ing concentration of irradiated CF3I molecules in the stream
is caused by losses of CF3 radicals to the chamber walls. A
possible mechanism for the loss of radicals is the reactio
t

CF31I2→CF3I1I. ~3!

It has already been shown5 that as the concentration of prod
uct CF3 radicals decreases, an increasing relative fractio
lost to the walls without forming C2F6. Since the dissociation
selectivity in these experiments was lower than the ratio
the 12C and 13C isotope contents in the initial CF3I gas
(a13,

12C/13C), the number of product13CF3 radicals was
always less than the number of12CF3 radicals, and thus a
relatively large fraction of the13CF3 radicals was lost to the
walls. This led to a decrease inK13

prod as the concentration o
irradiated molecules in the stream decreased.

To conclude, it has been shown that the13C enrichment
factor of C2F6 , K13

prod falls sharply as the concentration o
CF3I molecules in the beam decrease. The decrease inK13

prod

is caused by losses of CF3 radicals to the walls of the cham
ber in which the molecular beam is formed. Thus, in order
obtain13C enriched products, the stream must contain a co
paratively high concentration of13CF3 radicals (N>1013
g
-

s

ncy
FIG. 2. Dependence of the13C enrichment factor of C2F6 on
the time delaytdel between the nozzle pulse and the excitin
laser pulse~1!. The CF3I molecules were irradiated at a fre
quency of 1043.16 cm21 ~9P~24! laser line! and energy den-
sity F51.6 J/cm2 and the CF3I pressure above the nozzle wa
2 bar. Also plotted for comparison is the C2F6 yield versustdel

~2! obtained when the molecules were irradiated at a freque
of 1071.9 cm21 ~9R ~10! laser line! and energy densityF53
J/cm2 and the CF3I pressure above the nozzle was 4 bar.
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cm23) and/or a radical acceptor such as O2 must be used in
the chamber.
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Formation of heterogeneous molecules at the surface of metals in a mixture of protium
and deuterium gases
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An investigation was made of the formation of molecules of mixed hydrogen isotopes at the
surface of tungsten. An original method is proposed to determine the chemisorption activation
energy from the rate of desorption of heterogeneous molecules. ©1998 American Institute
of Physics.@S1063-7850~98!00812-X#
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The behavior of hydrogen in a solid is of interest f
many technological applications, including nuclear fusi
and hydrogen power engineering. Work with any two hyd
gen isotopes at the same time is frequently accompanie
isotopic mixing and this may cause various problems wh
analyzing the dynamics of sorption and desorption proces
For instance, the formation of HD molecules w
observed1–8 when solids were bombarded with deuteriu
ions, deuterium plasma, and epithermal atoms.

Here we study the formation of HD molecules as a res
of interaction between a metal~in this case tungsten! and
gaseous hydrogen in a mixture of H2 and D2 gases.

The experiments were carried out in an oil-free vacu
with a high H2 content and controlled admission of a sm
quantity of D2 . The HD partial pressure was measured us
a high-sensitivity magnetic mass spectrometer.

We observed experimentally that as the temperature
the tungsten increased, the HD signal measured in
vacuum chamber around the sample also increased. Figu
gives logarithms of the HD signal as a function of the rec
rocal temperature for the same sample but with different p
histories. The first series was carried out using a sam
which had been heated to 1500 K before the measurem
In the second series the sample had been held in a
vacuum with a mixture of H2 and D2 gases at a higher pres
sure, and in the third series the sample had been anne
following the first two series. It can be seen that quantity
product HD depends on the preparation of the sample,
cluding the heat treatment and the vacuum conditions. T
may indicate that the surface state influences the isot
mixing. Thus, it may be predicted that in experiments wh
the main quantity being measured is the desorption rate~ex-
periments to study ion implantation, recycling, permeabili
thermal desorption, and so on!, the contribution of isotopic
mixing may vary from one experiment to another and t
may create difficulties when interpreting the experimen
data, as was discussed by Pisarevet al.7 in particular.

The experiments can be described using a model ba
on an approach adopted by Pisarevet al.9 to describe the
buildup of gas at the surface and in the bulk of a so
Simplifying this model for our particular problem, we sha
assume that under the experimental conditions, equilibr
9241063-7850/98/24(12)/2/$15.00
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is established at the metal surface between the particle
from the gas to the chemisorbed state at the surface
desorption from it and also between the particle fluxes fr
the surface into the bulk of the solid and in the oppos
direction. We shall also assume that the degree of cove
of the surface is low. In this case, the balance of the de
rium and protium atom fluxes can be written as follows:

kI0D5KcD
2 1

1

2
KcHcD ,

kI0H5KcH
2 1

1

2
KcHcD .

Here the terms on the left-hand side refer to the deu
rium and protium atom fluxes from the gas to the surfa
whereI 0 are the molecular fluxes from the gas andk is the
coefficient of molecular dissociation. The right-hand sid
refer to the fluxes of desorbed HD, H2 , and D2 molecules,
wherecH andcD are the concentrations of H and D atoms
the surface andK is the coefficient of recombination of th
atoms to form a molecule.

FIG. 1.
© 1998 American Institute of Physics
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After performing some simple calculations assumi
that the residual hydrogen pressure is much higher than
residual deuterium pressureI 0H@I 0D and using fork the for-
mula

k~T!5k0exp~22Ec /kT!,

whereEc is the activation energy for dissociative chemiso
tion, we obtain an expression for the HD molecular flux:

JHD5~k0I 0D
2 /128I 0H!exp~2Ec /kT!.

Figure 1 shows that the experimental data can be a
rately described by exponential dependences from whichEc

can be determined.
It was found that in the experiment using the bare

heated sample the activation energy wasEc50.092 eV~not
shown in the figure!, but after the sample had been heated
high temperatures and the surface had therefore b
cleaned, the value ofEc decreases slightly toEc50.088 eV
~series 2 in Fig. 1!. Then, after secondary contamination
the sample with impuritiesEc increases toEc50.135 eV~se-
ries 2! but after repeated heating, it returns to a level close
the initial valueEc50.096 eV~series 3!. This behavior ofEc
he

-

u-

o
en

o

is consistent with ideas on the activation and passivation
the surface.

This procedure to determineEc can easily be applied in
experiments to study the interaction of gas, epithermal
oms, fast ions, and plasma with solids, to calculate the co
ficient of recombination of atoms to form molecules und
specific experimental conditions.

This work was supported by the Russian Fund for Fu
damental Research~Grant No. 96-02-18706!.
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Critical fields in easy-axis antiferromagnetics with allowance for Dzyaloshinski ¢

interaction and uniaxial pressure
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The easy-axis antiferromagnetica-Fe2O3 is used to study the influence of uniaxial pressure on
the magnetic phase diagrams. It is shown that there are regions where an abrupt and
appreciable change in the magnetization is accompanied not only by a negligible change in the
external magnetic field but also by a change in the uniaxial pressure. Thus, the situation
usually achieved in magnetically soft materials arises, except that in this case it is controllable.
© 1998 American Institute of Physics.@S1063-7850~98!00912-4#
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The properties1–4 of magnetoelastic interaction in ant
ferromagnetics which show up most clearly near orien
tional phase transitions have been studied on many occas
~see, for example, Refs. 5 and 6!. Assuming that near orien
tational phase transitions an abrupt and appreciable ch
in magnetization may accompany not only a change in
magnetic field6 but also changes in the uniaxial pressu
~which is required to produce magnetostrictive transducer8!,
we shall analyze the influence of uniaxial pressure~perpen-
dicular to the easy axis! on the magnetic phase diagrams f
the easy-axis antiferromagnetica-Fe2O3.

We shall take the thermodynamic potential in the for5

F5Fm1Fms1Fs , ~1!

where the magnetic componentFm is given by

Fm52M0FE

2
m21

a1

2
~ l x

21 l y
2!1b~mxl y2myl x!

2
a2

4
l z
42mHG , ~1a!

and the magnetoelasticFms and elasticFs components are
given by

Fms5E $l1~Uxx1Uyy!l z
21l2Uzzl z

2

1l3@4l xl yUxy1~ l x
22 l y

2!~Uxx2Uyy!#

1l4@2l xl yUxz1~ l x
22 l y

2!Uyz#

1l5~ l x
21 l y

2!~Uxx1Uyy!1l6~ l x
21 l y

2!Uzz

1l7~ l xl zUxz1 l yl zUyz!

1l8@2l xl zUxy1 l yl z~Uxx2Uyy!#%

[ ll̂ lÛ, ~1b!
9261063-7850/98/24(12)/3/$15.00
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Fs5E H 1

2
m1Uzz

2 12m2~Uxx1Uyy!
2

1m3@~Uxx2Uyy!
214Uxy

2 #

12m4~Uxx1Uyy!Uzz14m5~Uxz
2 1Uyz

2 !

14m6@~Uxx2Uyy!Uyz12UxyUxz#1s i j Ui j J dV

[
1

2
m̂ÛÛ, ~1c!

l5~M12M2!/2M0 , m5~M12M2!/2M0 ,

m• l50 ~T,TM5260 K!,

E@b@a1@a2, and the easy axis is parallel to OZ. Minimiz
ing the thermodynamic potential~1! as a function ofUlk , we
obtain ](Fms1Fz)/]Ulk50. Determining Ulk from this
equation and substituting the expressions obtained forUlk

into Eq. ~1b!, we obtain

Fms5C1~ l x
22 l y

2!1C2l yl z , ~2!

where

C15
l4m622l3m5

8~m3m52m6
2!

~sxx2syy!,

C25
l7m622l8m5

8~m3m52m6!
~sxx2syy!.

In formula ~2! we did not write the cumbersome term
whose role reduces to renormalizing the parameters of
magnetic component of the potential~1!. According to
Dikshte�n et al.9 uniaxial compression of a crystal along th
X axis (sxx52p) also tends to direct the vectorl along the
X axis—see the termC1( lx

22 ly
2) in formula ~2!. In addition,

since the region of small angles between the easy axis anH
is the most interesting, uniaxial pressure in the basal pl
© 1998 American Institute of Physics
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eliminates the uncontrollable influence of the anisotro
in this plane on the orientation of the antiferromagneti
vector l.

Minimizing the potential~1! as a function of the vari-
ablesm, w, w' , and u ~Fig. 1!, we obtain the system o
equations

]F/]m50, ]F/]w50, ]F/]w'50, ]F/]u50. ~3!

An analysis of the system~3! yields the conclusion that sinc
formula~2! contains the termC2lylz , when the angleu varies
betweenp/2 and 0 in the fieldHiEA, the anglew' also
varies betweenp/2 and 0. In the third equation of system~3!
we eliminatem andw, determined from the first and secon
equations, respectively, assumingw'5p/21w1, u5p/2
2u1, and after expanding the trigonometric functions a
series allowing for the smallness ofw1 andu1, we obtain

w15~HzHy2C2E!S u12
u1

3

6 D @Hy
214C1E1Hyb#21. ~4!

We can regard the angleu1 as an order parameter in th
orientational phase transition being studied and we can th
fore use the Landau theory of phase transitions. Thus, el
nating m and w in the thermodynamic potential, expandin
the trigonometric functions as a series as before, assum
that u1, w1!1, and then eliminatingw1, we find

F5F01Au1
21Bu1

4 , ~5!

where

A5Hz
21b21Hyb2a1E2~HyHz2C2E!2

3@Hy
214C1E1Hyb#21,

FIG. 1. Orientation of the antiferromagnetism vectorl and the magnetiza-
tion vectorm for an arbitrary orientation of the external magnetic field in t
planeZY: u andw' are the polar and azimuthal angles of the vectorl, w is
the angle characterizing the direction of the vectorm in the plane perpen-
dicular to l ~this angle is measured from the curve of intersection of t
plane with the plane passing through theZ axis and the vectorl).
y

a

e-
i-

ng

B5
1

12F24~Hz
21b2!2Hyb14a1E26a2E

1
2~HzHy2C2E!2~2Hy

215Hyb18C1E!

~Hy
214C1E1Hyb!2

1
3~HyHz2C2E!4Hyb

~Hy
214C1E1Hyb!4 G .

The Landau theory of phase transitions indicates that
the curve of the second-order transitions and also for
critical curve of first-order transitions the coefficientA van-
ishes. In addition, at the point where the curve of the seco
order transitions goes over to the curve of the first-or
transitions~i.e., at the tricritical point!, both coefficientsA
andB vanish. Thus, assuming

A50, ~6!

we obtain a curve on theHz , Hy diagram~Fig. 2!, which for
C.Cc defines the curve of the second-order transition a
for C,Cc defines the curve of the lower field of lability
Here,Cc is the critical angle between the easy axis and
direction of the fieldH within which the transition of the
vector l to theX axis takes place in the form of a first-orde
phase transition. If the range of small anglesC is disre-
garded, we can neglect the terms which take account of
uniaxial pressure in Eq.~6! and this equation then gives

Hz56AaHy
21bHy1Hc

2, ~7!

where a521, b52(a1E22b2)b21, Hc
25a1E2b2.

Equation~7! defines an ellipse inside which an angular pha
is achieved and outside which the phase isl'EA. At the
tricritical point both Eq.~6! and the following equation are
valid

B50. ~8!

If the pressure is such thatC1E, C2E!bHy , Eqs. ~6! and
~8! yield the following expression for the critical angle:

Cc52a2E@Hcb~11Hc
2/b2!2#21, ~9!

and Eq.~6! gives the following relation for the lower field o
lability

FIG. 2. Critical fields of the easy-axis antiferromagnetica – Fe2O3 with
uniaxial pressure perpendicular to the easy axis.
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Hz
25Hc

2S 11Hy

Hc
22b2

bHc
2 D . ~10!

If the pressure is such thatC1E, C2E@bHy , Eqs. ~6! and
~8! give

Cc52a2E$Hcb@11~C2/4C1!2#2%21, ~11!

and Eq.~6! gives

Hz5Hc2Hy/2$C2/2C11b@11~C2/4C1!2#Hc
21%. ~12!

Since we haveHc;b, andC2/4C1'5.6 ~the numerical
values for the magnetoelasticl i and elasticm i constants of
ana-Fe2O3 crystal were taken from Refs. 5 and 10!, we can
see by comparing expressions~9! and ~11! that the uniaxial
pressure reduces the critical angle by more than two or
of magnitude. Since the theory,7 experiments,11 and our cal-
culations using the equations~3! indicate that because of th
smallness of the critical angleCc the magnetization change
abruptly with a negligible change in the magnetic field, w
thus obtain states in magnetic materials for which abr
magnetic reversal takes place accompanying not o
changes in the field but also with changes in the unia
pressure. That is to say, we obtain a situation usu
achieved in magnetically soft materials8,12 except that in our
case, the situation is controllable. Formulas~10! and ~12!
indicate that for small anglesC the uniaxial pressure als
substantially changes the magnetic phase diagram
Hc.b, it follows from Ref. 13 and relation~10! that as the
magnetic field componentHy increases the componentHz

also increases, whereas as a result of the uniaxial pres
expression~12! indicates that the componentHz decreases
with increasingHy .
rs
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We note that experimental acoustic and resonance in
tigations near the tricritical point obtained on the phase d
gram in terms of the variablesHy , Hz could help us to
understand the acoustic anomaly observed in Ref. 1.
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Determination of the electron density in a discharge with nonmetallic liquid electrodes
in atmospheric-pressure air from the absorption of microwave probe radiation

Yu. A. Barinov, V. B. Kaplan, V. V. Rozhdestvenski , and S. M. Shkol’nik

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted June 15, 1998!
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Measurements were made of the absorption of microwave power in a discharge plasma generated
using tapwater electrodes in atmospheric-pressure air in order to determine the electron
density. The high-voltage discharge burned in a bulk~diffuse! form with a lower current density
than an arc discharge. This type of discharge with nonmetallic liquid electrodes is extremely
promising for various technical applications. Regimes withI550–60 mA and voltagesU52.9 –
3.1 kV were studied. The measurements were made at probe radiation frequenciesF529.6
and 35.2 GHz. A two-conductor transmission line was used to localize the microwave power in the
plasma. An estimate was obtained for the average electron density in the central part of the
discharge (431011),ne,(731011)cm23. This result shows good agreement with the results of
earlier probe measurements. ©1998 American Institute of Physics.@S1063-7850~98!01012-X#
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1. A self-sustained dc discharge between nonmeta
liquid electrodes, burning stably in air at atmospheric pr
sure in a diffuse~bulk! form, is an interesting physical ob
ject. The electrodes are usually electrolytes, aqueous s
tions, or simply tapwater. Although this type of dischar
has been known for around a century, the physical proces
composition, and properties of the discharge plasma h
been little studied.1 Earlier2,3 we reported spectroscopic an
probe investigations of this type of discharge using tapwa
electrodes. A single electric probe was used to measure
distribution of the potential and electron densityne along the
discharge axis. Since it is difficult to interpret the results
probe measurements under these conditions, it seems n
sary to compare the information obtained with results
measuringne by a different, preferably noncontact, metho

An analysis of the available calculated and experimen
data2,3 and of the scope of the different diagnostic techniqu
indicated that a suitable method of determiningne may be to
measure the absorption of microwave probe radiation by
plasma when its frequency is lower than the electron co
sion frequency.4 Obviously, such a method presents som
difficulties under our conditions~high gas pressure, rela
tively low electron density, small plasma dimensions, a
spatial inhomogeneity!.

2. Measurements of the absorption of microwave pro
radiation were made in a dc discharge plasma
atmospheric-pressure air between two streams of tapw
The thickness of the layer of water covering the metal c
ductors was 4–5 mm and the distance between the w
electrodes was'7 mm. The measurements reported
Afanas’evet al.2 and Faureet al.3 were made under simila
conditions. Figure 1 shows the design of the discharge u
One of the metal electrodes was grounded and to the o
we applied a'4 kV voltage via a 10 kV ballast resistor. The
discharge burns stably at currentsI 5 60–80 mA and volt-
ages between the metal conductorsV' 2.9–3.1 kV.
9291063-7850/98/24(12)/3/$15.00
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3. Taking the results obtained in Refs. 2 and 3 as
basis, we shall analyze the conditions in the discha
plasma at a currentI'60 mA. The diameter of the discharg
near the electrodes is 2r' 4–5 mm and at the center of th
interelectrode gap it is 2r'3 mm. The plasma diameter wa
estimated from the half-width of the radial distribution of th
radiation intensity atl5380.4 nm~second positive system o
N2 bands, sequenceDn522!. The probe measurements in
dicate that the electric field is nonuniform:E'4 kV/cm near
the cathode,E'2 kV/cm near the anode, andE'0.7 kV/cm
in the central part of the interelectrode gap. An estimate
the electron density using the electron branch of the pr
characteristic givesne'(4 – 6)31011 cm23. The spectral
measurements show that the gas temperature near the
ode reaches'2000 K and decreases toward the anode
'1000 K, and the average electron energy is 0.35–0.4 eV
a plasma with these parameters the electron–atom colli
frequencyn is appreciably higher than the electron–electr
collision frequency and isn;102 GHz and the plasma fre
quency isf 0<10 GHz.

In order to satisfy the conditions for the open-spa
method to be valid4 and to achieve the necessary spatial re
lution, the plasma must be probed with microwave radiat
at wavelengthl'1021 cm. In this case, the frequency of th
microwave probe radiationF will be almost two orders of
magnitude higher than the plasma frequencyf 0. With this
frequency ratio the absorption of microwave radiation in t
plasma will be extremely weak. The attenuation of the
ceived microwave radiation caused by this absorption is
scribed by

P/P05122 ^a& L, ~1!

whereP and P0 are the powers of the received microwa
radiation with and without the plasma, respective
^a& L5*0

La dl, L is the distance covered by the microwa
in the plasma, anda is the attenuation constant defined by4
© 1998 American Institute of Physics
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a25
1

2

v2

c2 H F S 12
v0

2

v21n2D 2

1
n2

v2S v0
2

v21n2D 2 G 1/2

2S 12
v0

2

v21n2D J , ~2!

wherev52pF; v052p f 05(4pnee
2/me)

1/2.
The coefficient of absorption ofl'1021 cm microwave

radiation, estimated using formulas~1! and~2! is so small for
our conditions 2̂ a& L<1023, that measurements of th
weak attenuation caused by this absorption become tec
cally difficult. The design characteristics of the dischar
unit make it almost impossible to use cavity methods wh
can give high sensitivity. Thus, it is advisable to use long
wavelength microwave radiationl'1 cm to probe the
plasma. In this case, our estimates indicate that the atte
tion of the microwave radiation is substantially greater, be
a few percent. In our experiment a two-conductor line w
used to localize the microwave power in a region hav
transverse dimensionsl;5 mm. If the ensuing attenuation o
the microwave radiation is mainly caused by absorption
the plasma, the electron density averaged over a regio
transverse dimension;l and lengthL can be determined

FIG. 1. Schematic of discharge unit:1—metal conductors,2—ceramics,
3—tapwater,4—discharge plasma, and I—discharge.
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from measurements of the attenuation. Bearing in mind
difficulties mentioned above, even this estimate is of so
interest at this stage of the research.

4. Figure 2 shows a block diagram of the measur
system. A waveguide channel of 7.233.4 mm cross section
consisting of fixed and moving parts, was used for mic
wave probing of the discharge plasma. The moving part c
tained waveguide elements, a two-conductor transmiss
line, a directional coupler with a microwave radiation dete
tor and an absorber to suppress reflection from the end o
waveguide. The wave impedances of the waveguide and
two-conductor line were matched with smooth triangu
waveguide joints'40 mm long without narrow walls. The
two-conductor line was formed by two parallel copper wir
0.5 mm in diameter and 25 mm long with centers'4 mm
apart, which were connected electrically to the pointed e
of the matching joints. The signal from the detector, which
proportional to the microwave radiation power transmitt
by the channel, was recorded using an S9-8 storage osc
scope with 10 s sweep time.

The measurements were made as follows. After the
charge had been ignited, the two-conductor line was inse
into the discharge gap midway between the electrodes so
the discharge channel was between the wires~Fig. 2!. Sig-
nals from the microwave detector were recorded with
discharge switched on and off. It was observed that hea
of the wires, which takes place within seconds, influences
recorded signal. Thus, the discharge was switched off
after triggering the sweeping. The signal proportional to
received microwave radiation power was measured dire
before and immediately after quenching the discharge.
noise was smoothed by an integrator with a time constan
;1022 s. Several measurements were made at two frequ
cies, 29.6 and 35.2 GHz, and the results were then avera

5. Measurements at the discharge currentI560 mA
yielded the following values of the absorption coefficient
the microwave probe radiation: 2^a& L50.056 ~mean
square deviationD50.004! at F529.6 GHz and 2̂a& L
50.034 ~D50.003! at F535.2 GHz. In order to determine
,

ts,
-

FIG. 2. Block diagram of apparatus:1—microwave oscil-
lator,2—oscilloscope,3—fixed part of waveguide channel
4—connector,5—moving part of waveguide channel,6—
two-conductor transmission line with matching elemen
7—absorber,8—directional coupler with microwave radia
tion detector.
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the average density using formulas~1! and ~2!, we need to
know n and the characteristic size of the plasma formationL.
Calculations using different values ofn in the range~100,n
,200! GHz, which corresponds to the gas temperat
(2000.T.1000) K, show that the indeterminacy ofn in
this range gives an error of at most 30% in the determina
of ne . The inaccuracy in estimating the size of the plas
formation from the results of spectroscopic measureme
gives approximately the same contribution to the error. T
ing into account these sources of error, the average elec
density in a discharge with nonmetallic liquid electrod
with I560 mA can be estimated as 431011 cm23,ne,7
31011 cm23. These data show satisfactory agreement w
the results of the probe measurements.
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We propose in the future to employ this microwave tec
nique to investigate an ac discharge with nonmetallic liq
electrodes using a gated integration technique.

1F. M. Ga�sin and É. E. Son,Electrophysical Processes in Discharges wi
Solid and Liquid Electrodes@in Russian# ~Urals University Press, 1989!,
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2V. P. Afanas’ev, P. Andre, Yu. A. Barinov, G. Faure, V. B. Kapla
A. Lefort, and S. M. Shkol’nik, inProceedings of the 23rd ICPIG,
Toulouse, France, 1997, Vol. III, pp. 104–105.

3G. Faure and S. M. Shkol’nik, J. Phys. D31, 1212~1998!.
4V. E. Golant, Microwave Methods of Plasma Research@in Russian#,
Nauka, Moscow~1968!, 328 pp.
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Influence of chemical composition and excess free volume on surface crystallization
of amorphous alloys

V. I. Betekhtin, A. G. Kadomtsev, V. E. Korsukov, O. V. Tolochko, and A. Yu. Kipyatkova

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
St. Petersburg State Technical University
~Submitted July 2, 1998!
Pis’ma Zh. Tekh. Fiz.24, 58–64~December 12, 1998!

Small-angle x-ray scattering and electron Auger spectroscopy were used to study the distribution
of the excess free volume and the chemical composition of the surface layers of amorphous
alloy ribbons. The relationship between these structure parameters and the surface crystallization
characteristics of amorphous alloys is analyzed. ©1998 American Institute of Physics.
@S1063-7850~98!01112-4#
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Surface crystallization is a particular form of th
crystallization of amorphous alloys obtained by quench
from a melt with single-sided heat transfer. In this case,
know that a dispersed crystalline phase forms primarily
the surface layers of the rapidly quenched amorph
ribbon.1 A characteristic feature of this process is that t
inside of the ribbon in contact with the roller and the outs
in contact with the atmosphere are in different stat
Accelerated surface crystallization may be observed on b
sides of the ribbon, but cases of preferential crystallizat
on the outside or on the side in contact with the disk ha
been reported.1,2 The reasons for this effect have not yet be
fully clarified. The main cause of accelerated crystallizat
on the outside of the ribbon is obviously the slower rate
cooling during quenching, but the specific physical fact
responsible for this process have not been completely id
tified. The situation on the inside of the ribbon is far mo
complicated, many different viewpoints are held,1,2 and fur-
ther experimental investigations are required to clarify t
aspect.

Meanwhile, surface crystallization is of major practic
importance for various applications of amorphous alloys.
instance, crystallization of the surface layers affects the c
lytic activity and corrosion resistance of amorphous allo
and the properties of magnetically soft materials.1,3,4 In this
context, we investigated some characteristics of the sur
crystallization of amorphous alloys, paying particular atte
tion to the influence of the chemical composition of the s
face layers on the crystallization process, i.e., a factor wh
judging by the published data,1,5–7 may have a very signifi-
cant influence on the crystallization behavior. We first inv
tigated how the surface crystallization is influenced by
distribution of excess free volume over the cross section
the ribbon. We have already shown8 that amorphous alloys
obtained by quenching from a melt have excess free volu
in the form of pores with dimensions of tens of nanomete
which substantially influences the physicomechanical pr
erties of the alloys.
9321063-7850/98/24(12)/3/$15.00
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1. MATERIALS AND EXPERIMENTAL METHOD

We mainly investigated the crystallization of a
Fe58Ni20Si9B13 alloy obtained in the form of a 42mm thick
ribbon by quenching a melt on the outside of a rapidly rot
ing copper roller in vacuum.

The crystallization was investigated by x-ray diffractio
analysis using a DRON-3 diffractometer with FeKa mono-
chromatic radiation. The alloys were heat-treated in sea
capsules in a resistance furnace with the temperature m
tained to within 61K. An x-ray analysis was made afte
successive annealing for different times in the tempera
range 593–673 K.

The chemical composition of the surface layers was a
lyzed by electron Auger spectroscopy using an LN-11
vice. The vacuum in the preparation chamber wasP[1028

mbar. The energy scanning range of the spectrum was
1050 eV, the modulation amplitude was 0.5–1 eV, and
ion beam energy 3 keV. The scanning area varied betw
131 and 0.430.4 cm. The standard rate of sputtering of t
surface by Ar ions was'1 nm/min.

The excess free volume in the amorphous alloys w
investigated by small-angle x-ray scattering using a sm
angle system with Kratky collimation and MoKa radiation.
The parameters of the system allowed us to determine in
mogeneities of between a few and hundreds of nanomet

2. EXPERIMENTAL RESULTS

An analysis of the annealed samples revealed that in
cases studied the crystallization is more intensive on the c
tact side of the ribbon. The activation energies of these p
cesses were determined by investigating the times before
onset of crystallization on both surfaces and in the bulk.

It should be noted that in all cases, surface crystallizat
begins slightly before the bulk process. Figure 1 gives
times before the onset of crystallization for the bulk and
the outside~1! and contact~2! surfaces of Fe58Ni20Si9B13

alloy plotted as a function of the reciprocal temperature. T
unfilled symbols correspond to the maximum annealing ti
at which ‘‘amorphous’’ reflexes are observed, while t
filled symbols correspond to the minimum annealing time
© 1998 American Institute of Physics
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FIG. 1. Time before onset of crystallization of amorpho
alloy versus isothermal holding temperature:1—bulk crys-
tallization, 2—crystallization of the contact~inner! surface
of the ribbon.
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which reflexes are observed from the crystals. The activa
energy for the processes preceding crystallization on
outer surface and in the bulk of the material was the sam
within experimental error, 310 kJ/mol. Crystallization of th
contact surface takes place with a lower activation ene
~125 kJ/mol! and is observed at lower temperatures than
bulk crystallization. As the temperature increases, the c
tallization of the outer and inner surfaces of the ribbon o
served by the x-ray technique begins almost simultaneou

A characteristic feature of the crystallization of the co
tact surface is that the crystalline formations parallel to
plane of the ribbon are oriented along the most clos
packed planes. An indication of this is that only peaks
signed to these planes are present on the diffraction patte

In order to identify the reasons for the preferential cry
tallization of the contact side of the ribbon, electron Aug
spectroscopy was used to analyze the chemical compos
of the surfaces of the ribbon during argon etching of layers
a depth of'100 nm. It was found that the contact surface
severely depleted in silicon and the boron content~around 10
n
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at.%! corresponds to the lower concentration limit of th
range of existence of the amorphous state, which can ea
explain the reduced activation energy of the processes
ceding crystallization. For Fe85B15, for example, this energy
is 170 kJ/mol~Refs. 9 and 10!. In our view, mention should
also be made of the reduced relative content of nickel in
surface layers, Ni/Fe'1:3.5, whereas in the bulk this rati
is 1:2.8.

Investigations of the distribution of excess free volum
by small-angle x-ray scattering revealed that in many am
phous alloys~including Fe58Ni20Si9B13) there are two or
three fractions of pores.2 The largest fraction is>100 nm.
Gradually removing the surface layers by polishing revea
that this largest fraction of pores is concentrated mainly i
thin outer layer of the ribbon. Figure 2 gives the indicatric
of the small-angle scattering from the initial sample~1! and
from the outer side after polishing~2! plotted as ln~I! versus
w2. It was found that almost no large pores remained afte
layer >2–3 mm thick had been removed. Estimates sho
that the specific surface area of these pores is>103 cm21
of
FIG. 2. Indicatrices of x-ray scattering from samples
Fe58Ni20Si9B13 amorphous alloy:1—initial state and
2—after removal of a surface layer 2–3mm thick ~out-
side!.
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~the total surface area of the pores per unit volume!. Note
that no characteristics of a porous structure were observe
the inner surface.

We also obtained preliminary data indicating that t
excess free volume concentrated in the surface layers in
ences the mechanical properties of the amorphous alloy.
found that after removing an outer layer 2–3mm thick,
the tensile strength of the amorphous alloy increased
10–15%.

3. DISCUSSION OF RESULTS

These investigations of the surface crystallization p
cess and structure of Fe58Ni20Si9B13 alloy have revealed the
following results. On both surfaces crystallization is initiat
earlier than in the bulk. However, the activation energy
this process is the same for the outer surface as for the b
whereas it is substantially lower for the inner surface~this is
particularly noticeable at high temperatures!. An analysis of
the experimental data shows that one of the major fac
that speeds up the crystallization on the outer surface is
the surface layers'2–3 mm thick contain an appreciabl
free surface area of pores. This conclusion shows g
agreement with the reasoning put forward in Ref. 1
whereby the elastic energy decreases as a result of a ch
in volume during crystallization if this process takes pla
near the free surface. Note that we observed an incre
density of'100 nm pores for four types of amorphous a
loys, which suggests that the effect observed is a general
There is obviously a small difference between the activat
energies of the crystallization process for the outer surf
and the bulk, but this is within experimental error.

The results of Auger spectroscopy have shown that
Fe58Ni20Si9B13 the concentrations of the main elements
the outer surface are similar to those in the bulk, wherea
reduced concentration of boron and especially silicon is
served at the inner surface. This is clearly responsible for
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faster surface crystallization on the contact side of an am
phous ribbon of Fe58Ni20Si9B13 alloy, since the presence o
Si ~and also B! in amorphous Fe–Ni–B alloys substantial
improves the stability of the amorphous state.9,10 Signifi-
cantly, Auger spectroscopy was also used to study
surface of other amorphous alloys (Fe5Co59Ni10Si11B15,
Fe61Co20Si5B14). These revealed no significant boron or si
con depletion of the contact side and no accelerated cry
lization.

To sum up, we can draw the following conclusions,
least for the alloy studied. Accelerated crystallization of t
outer surface of an amorphous alloy obtained by quench
from a melt is to a considerable extent attributable to
excess free volume present in the surface layer, wherea
celerated crystallization of the inside is caused by a cha
in the chemical composition of these layers.

The authors are grateful to the Russian Fund for Fun
mental Research for financial support~Grant No. 97-02-
17412!.
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A newly discovered effect in which electrons are emitted from a vibrating silver–oxygen–cesium
photocathode is described. ©1998 American Institute of Physics.@S1063-7850~98!01212-9#
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Several emission effects are known in which electro
are emitted by solids under the action of various internal
external factors. These include thermionic, photoelectro
secondary electron, field electron, exoelectronic, and ex
sive electron emission.1–3

During an investigation of the properties of Ag–O–Cs
films ~so-called silver–oxygen–cesium photocathodes!, the
author observed what is apparently yet another emission
fect, involving the emission of electrons from a vibratin
photocathode.

The apparatus is shown schematically in Fig. 1.
silver–oxygen–cesium photocathode3 approximately 30 nm
thick was deposited on one surface of a quartz resonat1
with metal film contacts2 in a vacuum of 1026– 1027 Pa.
This vacuum vessel also contained another electrode~anode!
consisting of a layer of phosphor5 deposited on glass4,
coated with a thin aluminum layer6 which was transparen
to electrons but completely opaque to light. A forward p
tential difference~i.e., positive at the anode! was created
between the anode and the photocathode by means of a
ply unit 7. In the dark, a thermionic emission current
approximately 0.1 nA flowed in the vacuum gap between
anode and the photocathode~the photocathode had an area
3 cm2 and was at room temperature!. When the photocathod
was illuminated by visible light, a photoelectronic emissi
current appeared. The overall sensitivity of the photocath
reached 70mA/lm and the long-wavelength photoemissio
threshold was 1.7mm. In this case the photocurrent could b
measured by recording the voltage across a resistance b8
and feeding this signal to an oscilloscope9 or a selective
voltmeter V6-4.

Radiation at wavelengths longer than 1.7mm induced no
photoemission.

An rf voltage, at a frequency of the order of 3 MHz, w
then applied to the cavity1 from a special generator10 caus-
ing rf oscillations~vibrations! of the photocathode. In this
situation, electrons were emitted from the photocathode
the dark and an rf emission current of 0.02mA flowed to the
anode, i.e., this current was more than two orders of ma
tude greater than the thermionic emission current. Its
quency was the same as the resonator vibration freque
This experiment was carried out in the dark, i.e., there w
no photocurrent. Note that the observed effect is not sim
modulation of the thermionic current, since the number
charges~electrons! transferred per unit time would be th
same in this case and when the thermionic current was
9351063-7850/98/24(12)/2/$15.00
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lected without any vibration of the photocathode, whereas
the experiments these values differed by two orders of m
nitude.

The photocathode was then exposed to infrared radia
at wavelengths beyond the long-wavelength photoemiss
limit ~i.e., greater than 1.7mm!. This radiation did not induce
photoemission by itself, but when the resonator was vib
ing, it amplified the electron emission~Fig. 2!. This depen-
dence of the vibroelectronic emission on the wavelength~en-
ergy! of the incident radiation is most likely attributable t
the band structure of this photocathode4 and its optical prop-
erties.

The generator10 was then switched off, the measurin
system was disconnected by means of a switch11, and a
high forward voltage~5–15 kV! was applied to the anod
from a high-voltage supply unit12. In this case, illumination
of the photocathode resulted in the appearance of photoe
tronic emission from its surface. The electrons emitted by
photocathode entered the electric field, where they were
celerated to 5–15 keV and then bombarded the phosp
causing it to luminesce, which was observed through
glass4.

The photocathode illumination was then switched
~the photocurrent and the luminescence of the phosphor
appeared! and the rf generator10 was again switched on in
the dark~i.e., without any photocathode illumination! with
the high voltage applied to the anode. When the gener
was switched on, the phosphor began to luminesce ag
which indicated that electrons were being emitted from
photocathode, since the phosphor can only luminesce u
electron bombardment.

Strange as it may seem, an analysis of these res
yields the conclusion that the rf vibrations of the photoca
ode cause it to emit electrons.

No experiments were carried out at different frequenc
because of the limitations of the apparatus.

However, it should be noted that general experime
with rf vibrations of various films have already been carri
out, such as experiments using quartz thickness meters
these experiments measurements were made of the mas
therefore the thickness of films deposited in vacuum, i.e.
all the experiments the films were made to vibrate. Howev
no currents were observed in these numerous investigati
Nevertheless, electron emission is observed when a silv
oxygen–cesium photocathode vibrates.

An explanation for this effect should clearly be sought
© 1998 American Institute of Physics
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the emission~surface! properties of this film. We know5 that
of all known films, a silver–oxygen–cesium photocatho
has the lowest electron work function. This work functio
~more accurately the electron affinity, i.e., the energy spac
between the bottom of the conduction band and the ene
level of a free electron in vacuum! may be less than 0.2–
0.3 eV, and in some microscopic sections of the order
100 Å distributed uniformly over the entire surface of t
photocathode, could even be zero~so-called zero electron
affinity!,4,6 which is more than an order of magnitude le
than the average work function of other well-known mate
als ~3–5 eV!. Thus, it becomes more or less clear, alb
qualitatively, why this effect is observed specifically in
silver–oxygen–cesium photocathode.

FIG. 1. Schematic diagram of experiment.
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g
gy
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It is thought that this effect should show up clearly
photocathodes with negative electron affinity7 and should be
useful for studying films having a low work function.

1R. L. Sproull,Modern Physics, Wiley, New York~1956!; Nauka, Moscow
~1974!, 592 pp.

2E. Rabinowicz, Sci. Am.236~1!, 74 ~1977!.
3G. A. Mesyats, Generation of High-Power Nanosecond Pulses@in
Russian#, Sovetskoe Radio, Moscow~1974!, 256 pp.

4B. M. Gugel’, A. E. Melamid, and B. M. Stepanov, Radiotekh. Elektro
22~7!, 1466~1977!.

5V. S. Fomenko,Handbook of Emission Properties of Materials@in
Russian#, Naukova Dumka, Kiev~1981!, p. 223.

6A. A. Zhigare and G. G. Shamaeva,Electron-Beam and Photoelectroni
Devices@in Russian#, Vysshaya Shkola, Moscow~1982!, 463 pp.

7Optical and Infrared Detectors, edited by R. J. Keyes~Springer-Verlag,
New York, 1977; Radio i Svyaz’, Moscow, 1985, p. 153!.

Translated by R. M. Durham

FIG. 2. Vibroelectronic emission current density as a function of wa
length in the range above the photoemission threshold.
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Estimate of the potential relief „rippling … of a surface associated with adsorption
of d-metal atoms on d -substrates

S. Yu. Davydov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted June 19, 1998!
Pis’ma Zh. Tekh. Fiz.24, 70–74~December 12, 1998!

A cohesion approach developed previously by Davydov and Tikhonov to describe adsorption
properties@Surf. Sci.371, 157 ~1997!# is used to calculate the ripple parameter
V5Edif /Edes ~whereEdif andEdes are the activation energy of surface diffusion and the
adsorption energy! for atoms ofd-metals adsorbed on a W~110! surface. The results of the
calculations show good agreement with the experimental data. ©1998 American Institute of
Physics.@S1063-7850~98!01312-3#
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The potential relief of an adsorption system~Fig. 1!
can be estimated quantitatively by the ripple parameteV
~Ref. 1!, defined as the ratio of the activation energy of s
face diffusionEdif to the desorption energyEdes:

V5Edif /Edes. ~1!

To calculateV an approach which can describe bo
desorption and diffusion from a unified viewpoint is ind
cated. The most popular approach so far is the embed
atom method~see Refs. 2–4 and the literature cited!. Based
on a local density functional method and a representatio
the total energy of the system as a sum of the so-ca
embedding energy~which depends only on the local electro
density! and the short-range electrostatic energy, the emb
ded atom method requires a fitting procedure to determ
the characteristic parameters of the method. However,
method does have some disadvantages and occasio
gives qualitatively incorrect results.4 In Ref. 5 the cohesion
approximation to calculate the adsorption properties of ato
of d-metals adsorbed ond-substrates was used to propose
approach to calculate the desorption energy and activa
energy of surface diffusion without using fitting and com
puter calculations. Here the cohesion approximation is u
to calculate the ripple parameterV.

In Ref. 5, an experimentally observed correlation b
tween the desorption energy of transition metal atoms
W~110! and the cohesion energy of crystals formed betw
the atoms was used as the basis to suggest that the deso
energy could be described as the cohesion energy o
‘‘renormalized atom’’ or adatom. It was also shown that f
atoms of transition metals adsorbed ond-substrates, charg
transfer can be neglected and direct allowance need onl
made for interaction between an adatom and the nearest
strate atoms whose numbern naturally depends on the su
face structure and the position of the adsorbed atom.
took as our starting point the cohesion theory developed
Harrison and Wills,6 where the electron density of a metal
represented as a superposition of quasifree states andd-states
with allowance for their hybridization and electron–electr
interaction described by the Thomas–Fermi model. The
lowing expression was obtained for the energyEcoh:
9371063-7850/98/24(12)/2/$15.00
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Ecoh~n!5Es2Eb~n!2Ec~n!, ~2!

Es5
3

4
Zs

\2p2

md2
~12a!, ~3!

Eb~n!52
1

2
Zd~12Zd/10!~30.9!An

\2r d
3

md5
, ~4!

Ec~n!5Zdn~11.40!
\2r d

6

md8
. ~5!

HereZs(d) is the occupancy of thes (d)-band (Zs1Zd5Z,
where Z is the number of valence electrons per atom!,
a5(4/5)(3Zs/2p)2/3 for f cc and hcp lattices, a5(6/5)
3(3Zs/4p)2/3 for a bcc structure,n is the number of neares
neighbors,d is the distance between nearest neighbors in
crystal,r d is the radius of thed states,m is the electron mass
and \ is Planck’s constant. Equation~3! describes the con
tribution of quasifree electrons to the cohesion energy,
~4! gives the contribution of thed-band, and Eq.~5! de-
scribes the shift of the center of gravity of thed-band. Thus,
the desorption energyEdesof a d-metal atom adsorbed at th
center of a W~110! surface cell isEcoh (nc54).

We shall analyze the following simplified pattern pr
posed in Ref. 5 to calculate the activation energy of surf
diffusion. We assume that during hopping from one surfa
cell to another~neighboring! one, the length of the adsorp
tion bond remains the same. This is shown in Fig. 2 fo

FIG. 1. Potential relief of adsorption system.
© 1998 American Institute of Physics
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FIG. 2. Schematic of diffusion pattern: a — initial position of adatom, b — position of adatom on crossing the boundary between neighboring surface
(b-type diffusion!, c — final position of adatom.
m
r
-
r

y

th

th
rd

e

pl

g
on
fo

r
ith

ese

ris-

r

or

er

ed
e

lts
ata.
er-
at-
ote
ergy
-
x-

he

on

m

ith

1

W~110! surface cell and diffusion hopping of an adato
across the boundary between neighboring cells, i.e., fob
~bridge! diffusion. At the initial and final stages of the hop
ping ~Figs. 2a and 2c!, the adatom has four nearest neighbo
(nc54). At the instant of transition between cells~Fig. 2b!
this number isn5nb52. In this case, the activation energ
of surface diffusion is

Edif5Ecoh~4!2Ecoh~2!. ~6!

Thus, we obtain

V512
Ecoh~2!

Ecoh~4!
. ~7!

The results of calculatingV are given in Table I. The
values ofd were taken from Ref. 7 andr d from Ref. 8. For
the calculations we used two methods of determining
parametersd, r d , Zd , andZd(12Zd/10) of the adsorption
system, geometric and arithmetic averaging~for further de-
tails see Ref. 5!. As in Refs. 5, 6, and 8 we tookZs51.5 for
all cases except Cu, Ag, and Au, where we assumedZs52. It
can be seen from Table I that for geometric averaging
parameterV has a weakly defined maximum for the thi
element of thed series, whereas for arithmetic averagingV
decreases slightly from the beginning to the end of thd
series.

We shall compare the calculated values of the rip
parameter with the available experimental results,1,5,9–11

which are unfortunately few and far between, even thou
adsorption and diffusion of transition metal atoms
W~110! have been studied more comprehensively than
other adsorption systems. Consider the 3d series. For tita-
nium Seebauer and Allen1 give Edif50.95 eV, whereas ou
calculations give 0.88 and 1.03 eV for geometric and ar
metic averaging, respectively. ForEdes, Seebauer and Allen1

TABLE I. Calculation of the ripple parameterV for adsorption ofd-metal
atoms on W~110!.

V V V

Adatom. geom. arith. Adatom geom. arith. Adatom geom. ar

Sc 0.10 0.12 Y 0.11 0.13 Lu 0.11 0.13
Ti 0.12 0.12 Zr 0.12 0.13 Hf 0.12 0.13
V 0.14 0.12 Nb 0.13 0.12 Ta 0.13 0.13
Cr 0.12 0.12 Mo 0.12 0.12 W 0.12 0.12
Mn 0.11 0.11 Tc 0.12 0.12 Re 0.12 0.12
Fe 0.10 0.11 Ru 0.11 0.12 Os 0.10 0.1
Co 0.09 0.10 Rh 0.07 0.10 Ir 0.09 0.10
Ni 0.07 0.09 Pd 0.06 0.09 Pt 0.08 0.09
Cu 0.03 0.08 Ag 0.03 0.08 Au 0.01 0.08
s

e

e

e
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only quote an approximate value of 5.64 eV~no correspond-
ing experimental value is available! which givesV50.17.
This value seems rather exaggerated to us. For nickel th
authors giveV50.11, and for copper1,5 V50.15. Our val-
ues are far lower, which can be attributed to the characte
tics of the calculations ofEdes for Cu, Ag, and Au~see the
discussion of this topic in Ref. 5!. For the 4d series Seebaue
and Allen1 give V50.11, 0.11, and0.095 for Rh, Pd, and
Ag, respectively which agrees well with our estimates. F
tantalum Seebauer and Allen1 give V50.10, 0.11, whereas
from Ref. 5 we haveV50.10– 0.13. For tungsten Seebau
and Allen1 give V50.087, 0.11, 0.15; for rhenium1,5 V
50.10, and for iridium values of 0.12 and 0.13 are obtain
from Ref. 1 andV50.10– 0.13 from Ref. 5. For platinum w
find V50.12 ~Ref. 1! and V50.10– 0.12~Ref. 5!, and for
gold V50.13.

Thus, with the exception of copper and gold our resu
show good agreement with the available experimental d
For Cu, Ag, and Au, arithmetic averaging works consid
ably better than geometric; for the other transition metal
oms both approximations give almost the same results. N
that despite the appreciable changes in the desorption en
and diffusion activation energy ind series, the ripple param
eter varies only slightly. This indicates that a correlation e
ists between the changes inEdes and Edif . An analysis re-
veals that this correlation is based on variation of t
parameterZd(12Zd/10), which indicates that thed band
plays a dominant role in the formation of the adsorpti
characteristics.

This work was carried out as part of the progra
‘‘Surface Atomic Structures.’’
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Spectropolarimetry of multimode quartz fibers in the infrared
D. A. Dmitriev and V. T. Prokopenko

St. Petersburg Institute of Precision Mechanics and Optics (Technical University)
~Submitted September 16, 1997; resubmitted April 20, 1998!
Pis’ma Zh. Tekh. Fiz.24, 75–80~December 12, 1998!

Results are presented of experimental spectropolarimetric investigations of multimode fiber-optic
waveguides with core diameters between 65 and 404mm in the infrared~0.8, 1.3, and 1.55mm!.
A theoretical explanation is proposed for the results. ©1998 American Institute of Physics.
@S1063-7850~98!01412-8#
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Multimode fiber-optic waveguides are considerably in
rior to single-mode fibers in terms of wide-band paramet
and optical losses, but they have undoubted advantages w
used in short-distance data transmission and processing
tems such as on-board and on-chip applications. Advanta
of multimode fibers include efficient coupling of radiation
and out of the fiber, the efficient fabrication of microscop
devices using these, and also their low cost. Before mu
mode fibers can be fully utilized in practice, we need
know their polarization characteristics in the 0.8–1.55mm
infrared region, which corresponds to the lowest radiat
losses in quartz fibers and the operating wavelengths of h
power semiconductor light sources. Important results on
polarization properties of multimode fibers have been
tained in various theoretical and experimental studies.1–7 Un-
til recently, however, no systematic spectropolarimetric
vestigations of multimode fibers had been made over a br
section of the infrared. Here we present results of meas
ments of the depolarizing properties of multimode fibers
the 0.8–1.55mm range and suggest a theoretical interpre
tion of the results.

The apparatus used for the spectropolarimetric invest
tions of multimode fibers is shown schematically in Fig.
Linearly polarized infrared radiation is coupled into the fib
by means of a microscope objective7. The degree of polar-
ization of the radiation at the fiber exit is measured by
conventional technique involving rotating an analyzer12.
The samples were quartz multimode fibers with a step
refractive index profile, and were between 16.4 and 1098
long. The fiber core between 65 and 400mm in diameter was
made of borosilicate glass, the relative refractive index d
ference between the core and the cladding was 0.3–0
and the numerical aperture of the fibers was 0.30–0.55.

Experiments confirmed that the position of the azimu
of the preferential linear polarization of partially polarize
light at the fiber exit is uniquely determined by the polariz
tion azimuth of the input radiation. In the experiments w
actually measured the integrated degree of polarizationP of
the output radiation, obtained by averaging the polarizat
parameters of the fiber modes over its total cross section.
polarization of the light at each point in the cross section
a multimode fiber is the result of a superposition of num
ous ~several hundred! guided vector modes of the fiber.

A rigorous theoretical description of these compl
9391063-7850/98/24(12)/3/$15.00
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wave fields involves using a formalism of random function
which characterize the Stokes parameters of the radiation
different parts of the fiber cross section. Here we analyze
degree of polarizationP using the experimentally establishe
fact that when a multimode fiber is excited by linearly pola
ized light, virtually all the radiation modes at the fiber ex
exhibit linear partial polarization.8 If the polarized compo-
nent of the radiation within an isolated mode posses
elliptic polarization with the ellipticity parameter

g5~12e2!/~11e2!,

wheree is the ratio of the minor and major semiaxes of th
polarization ellipse, the measured quantity isP5g PR ,
where PR is the real degree of polarization. According t
Snopko,4 the ellipticity parameter in multimode fibers is
g '1 and thus the experimentally measured value ofP de-
termines at least the lower limit of the real degree of pola
ization PR .

FIG. 1. Schematic of measuring system for spectropolarimeteric invest
tions of fiber-optic waveguides:1 — light source,2 — monochromator,
3 — light beam modulator,4 — collimating lens,5 — infrared light filter
which cuts out the second order,6 — linear polarizer~Glan prism!, 7 —
microscope objective~for coupling in radiation!, 8 — adapter~mounted
on micropositioner!, 9 — fiber-optic waveguide, 10 — adapter,
11 —microscope objective,12 — analyzer~Glan prism!, 13 — focusing
lens,14 — photodetector~germanium photodiode with electronic preamp
lifier!, and15 — meter for input signal level.
© 1998 American Institute of Physics
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FIG. 2. Experimental and calculated dependenc
of the degree of polarizationI on the wavelength for
165 mm long fibers of different diameter. The ca
culated curves are shown by the dashed lines. T
experimental data correspond to1 — 65 mm, 2 —
187 mm, and3 — 318 mm.
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The experimental spectral dependence of the degre
polarization of the radiation at the exit of various types
multimode fibers~165 mm long! excited by linearly polar-
ized light from a thermal source is plotted in Fig. 2. Wh
the measurements were repeated, the experimental
showed good reproducibility. Most of the fiber samples ty
cally show a tendency for the degree of polarization of
radiation at the fiber exit to increase with wavelength. T
fact that the curveP(l) is not strictly monotonic indicates
that the formation of the polarization structure in multimo
fibers is a complex process in which interaction betwe
guided modes caused by structural defects and scatterin
radiation in the bulk of the fiber core should play an impo
tant role.

To a first approximation, the increased degree of po
ization with increasing wavelength may be explained us
the following simple model of the depolarization of light in
fiber. The changedI in the power of the completely polar
ized radiation component over the fiber lengthdL is propor-
tional to the variationsDN in the number of guided fibe
modes:

dI;2I DN dL. ~1!

Assuming that the well-known relationDN[AN is satisfied
for the thermal radiation, where the number of modes
N5(NA)2(2p2a2)/l2 (NA is the numerical aperture of th
fiber, a is the core radius, andl is the wavelength of light!,
the degree of polarizationP of the light leaving a fiber of
lengthL is

P5C1expH 2C2

paA2

l
~NA!J 1C3 , ~2!

TABLE I. Values of the coefficientsC1, C2, andC3 for various types of
optical fibers.

65 mm 187mm 318mm

C1 3.15 0.64 0.5
C2 0.002 0.002 0.00039
C3 22.39 20.154 20.280
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whereC1, C2, andC3 are constants. The dashed curves
Fig. 2 give the calculated functionsP(l), as given by for-
mula ~2!, plotted for the experimental values ofa, A, and I.
The constantsC1, C2, and C3 are given in Table I. Quite
clearly, formula~2! correctly describes the trend of the d
gree of polarization to increase with the wavelengthl. A
more detailed theoretical analysis of the depolarization
light in multimode fibers will allow us to determine how th
coefficientsC1, C2, andC3 depend on the geometric param
eters of the fiber and on the wavelength, using a more ac
rate approximation which should give better agreement
tween the experimental and calculated results.

Another interesting topic is the influence of the degree
coherence of the light source on the depolarization of
radiation in a multimode fiber. Measurements were made
the degree of polarization of the radiation at the exit o
fiber excited by linearly polarized light from semiconduct
lasers at wavelengths of 0.85, 1.32, and 1.52mm. The rela-
tive spectral line width of the sources was between 1022 and
1023. Table II gives the relevant experimental data for
16.5 cm long fiber. The degree of polarization of light at t
exit of multimode fibers excited by a narrow-band las
source is usually higher than that under the action of a th
mal source at the same wavelength. The differences in
degree of polarization are more pronounced for the fiber w
a comparatively large core diameter. An increase in the
gree of polarization with increasing wavelength is observ
at relatively short wavelengths~0.85–1.35mm!. A possible

TABLE II. Degree of polarization of light at the exit of multimode fiber
optic waveguides excited by semiconductor laser radiation~fiber length
16.5 cm!.

Wavelength,
mm

Diameter of fiber core,mm

65 187 318 404

0.85 0.26 0.18 0.04 0.03
1.32 0.54 0.54 0.31 0.21
1.53 0.47 0.48 0.05 0.20
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reason for this is the spectral dependence of the ellipti
parameter for the different fiber modes.

A detailed analysis of the influence of the coherence
the light sources on the depolarization of light in multimo
fibers merits independent investigations. Studies of the tra
formation of the polarization in multimode fiber-opt
waveguides over a wide range of wavelengths will exte
the ranges of application of these fibers in data transmis
and processing systems and in devices for measuring
parameters of physical fields.
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GaAsN/GaAs and InGaAsN/GaAs heterostructures grown by molecular beam epitaxy
A. Yu. Egorov, A. E. Zhukov, A. R. Kovsh, V. M. Ustinov, V. V. Mamutin, S. V. Ivanov,
V. N. Zhmerik, A. F. Tsatsul’nikov, D. A. Bedarev, and P. S. Kop’ev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted July 2, 1998!
Pis’ma Zh. Tekh. Fiz.24, 81–87~December 12, 1998!

Molecular beam epitaxy was used to fabricate GaAsN/GaAs and InGaAsN/GaAs heterostructures,
and the influence of the growth regimes on their characteristics was studied. It is shown that
implantation of nitrogen causes a substantial long-wavelength shift of the radiation. The possibility
of obtaining 1.4 mm radiation at room temperature was demonstrated using
In0.28Ga0.72As0.97N0.03/GaAs quantum wells. ©1998 American Institute of Physics.
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INTRODUCTION

A light source emitting in the range 1.3–1.55mm is
extremely promising for applications in fiber-optic comm
nication lines. However, this important direction of resea
and development remains outside the scope of mod
GaAs-based laser technology because of the fundame
constraint on the emission wavelength attainable in Ga
InGaAs heterostructures~;1.1 mm! as a consequence of th
large difference in the lattice constants. Semiconductor st
tures for optoelectronics devices in the optical range are n
being synthesized using InGaAsP/InP materials. A shortc
ing of lasers using these structures is the low thermal sta
ity of the characteristics at room temperature as a resu
the inadequate electron confinement. In addition, the qua
of InP substrates is substantially inferior and the cost
higher than those of GaAs substrates. It was recently sh
that the four-component compound InGaAsN and InGaA
GaAs heterostructures may be extremely promising for
proving the characteristics of lasers for fiber-optic commu
cation lines, since these can substantially increase
emission wavelength of GaAs heterostructures and impr
the thermal stability of lasers emitting near 1.3mm ~Refs.
1–3!. We now report the growth of InGaAsN/GaAs heter
structures on GaAs substrates by molecular beam epit
These structures emit at 1.4mm at room temperatures an
contain 3% nitrogen in the four-component compound.

EXPERIMENT

The structures were grown by molecular beam epita
on semi-insulating GaAs~100! substrates in an E´ P-1203 sys-
tem fitted with a Leybold-Heraeus turbomolecular pum
with a pumping speed of 560 l/s. During this study we us
standard solid-state Ga, In, and As sources. An As
electron-cyclotron-resonance microwave gas discha
source with an operating frequency of 2.45 GHz create
flux of active nitrogen radicals to the growth surface. Lay
of GaAsN 0.2mm thick and InGaAsN/GaAs quantum wel
were grown on a 0.1mm thick GaAs buffer layer. The
quantum-well structures terminated with a 0.1mm thick
GaAs covering layer. The GaAs growth rate in our expe
9421063-7850/98/24(12)/3/$15.00
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ments was 0.5–1.0mm/h. The GaAs growth rate was cal
brated by measuring the oscillation period of the peak int
sity on the reflection high-energy electron diffractio
~RHEED! pattern, and the InAs growth was calibrated fro
the appearance of the typical diffraction pattern of isla
growth on the GaAs surface. The samples were grown in
As-enriched environment with an As flux approximate
twice that required that a 234 RHEED pattern be sustaine
during GaAs growth. Luminescence was excited by an A1

laser~l5514.5 nm,P50.4 W! and recorded by a germanium
photodiode.

RESULTS AND DISCUSSION

During this study we investigated the influence of t
operating regime of the nitrogen source and the growth
~determined by the Ga flux! on the implantation of nitrogen
in epitaxial GaAsN layers. We established that by using re
tively high microwave discharge powers~;150 W!, nitrogen
can be efficiently implanted into the growing layer and hi
nitrogen concentrations~up to;12 %! can be obtained at the
growth rates used. However, during the growth process
RHEED pattern typical of planar GaAs growth gradua
changes to a pattern consisting of points distributed at
main peaks, which corresponds to the formation of a mic
scopically rough surface. When the baffles to the source
the third group of elements were shut, the RHEED patt
corresponding to~34! surface reconstruction changed to
pattern with~33! reconstruction, which is typical of the for
mation of a surface layer with a high nitrogen content.
low microwave powers supplied to the source~;25 W! and
a growth rate of 0.7mm/h, growth took place under~34!
surface reconstruction conditions and the nitrogen concen
tion in the epitaxial layers decreased to 2%. When
sources of the group III elements were shut off, the RHE
pattern remained the same. We observed that a reductio
the growth rate from 0.7 to 0.4mm/h (P525 W! doubled the
nitrogen content in the layers~to 4%! while the As flux re-
mained the same. This result clearly indicates that there
© 1998 American Institute of Physics
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substantial differences in the mechanisms for implantation
N and As atoms in GaAsN epitaxial layers grown by m
lecular beam epitaxy.

Figure 1 shows the photoluminescence spectra of
GaAsN layers studied here. The GaAs0.98N0.02 layer exhibits
a high photoluminescence intensity at room temperature
liquid-nitrogen temperature. The presence of two peaks~1.11
and 1.18 eV! in the spectrum measured at 77 K may be
tributed to variability in the distribution of the solid-solutio
composition, i.e., local regions enriched in nitrogen. T
interpretation is also supported by the presence of only
peak in the spectra measured at room temperature an
77 K after the sample was annealed in the growth chambe
an As flux at 700°C.

Despite these variations, the material exhibits fairly hi
structural perfection, as is illustrated by the x-ray rocki
curve ~inset to Fig. 1!. The maximum of the rocking curve
peak corresponding to the GaAsN layer is positioned
1130 arc s from the substrate peak and has a half-widt
97 arc s. An increase in the nitrogen concentration in
solid solution reduces the photoluminescence intensity~Fig.
1!, no photoluminescence signal can be recorded in
GaAs0.96N0.04 layer at room temperature, and th
GaAs0.88N0.12 layer exhibits no photoluminescence even
low temperatures. The behavior is evidently caused by
formation of mismatch dislocations in an elastically strain
layer of thickness exceeding the critical value. Thus,
longest emission wavelength that can be obtained fr
GaAsN layers at room temperature is 1.12mm, which agrees
with the data given by Francoeuret al.4

FIG. 1. Photoluminescence spectra of GaAs12xNx layers 0.2mm thick
grown on GaAs~100! substrates. The inset shows the x-ray rocking cu
~near the 004 reflection! for GaAs12xNx , x50.02:D is the diffraction angle;
1 — x50.02, 77 K,2 — x50.02, 300 K, and3 — x50.04, 77 K.
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By using InGaAsN/GaAs quantum wells, the emissi
wavelength can be increased appreciably compared
GaAsN layers.2 Here we investigate the contribution of N
and In to the long-wavelength shift of the emission from
InGaAsN solid solution and we demonstrate that the wa
length can be increased to 1.4mm ~300 K! by using quantum
wells based on InGaAsN solid solutions. Figure 2 sho
photoluminescence spectra of heterostructures w
In0.20Ga0.80As0.98N0.02 ~100 Å!, In0.28Ga0.72As0.97N0.03 ~70 Å!,
and In0.20Ga0.80As ~100 Å! quantum wells at room tempera
ture and liquid-nitrogen temperature.

It can be seen that the addition of 2% N to a
In0.20Ga0.80As solid solution can increase the emission wav
length of the quantum well to 286 meV~77 K! and 257 meV
~300 K!. The large half-width of the peaks of the fou
component solid solutions and the weaker temperature
pendence of the energy position of the peak are cle
caused by the presence of states associated with local i
mogeneities in InGaAsN. A simultaneous increase in the
and N content in the solid solution can shift the emiss
even further in the long-wavelength range and yield a p
toluminescence signal with a maximum at 1.4mm ~300 K!.

The photoluminescence intensity of structures with
GaAsN quantum wells decays rapidly as the nitrogen con
increases and is considerably inferior to~In, Ga!As struc-
tures, so that further work is required to optimize the grow
regimes of InGaAsN/GaAs structures to reduce the conc
tration of defects and nonradiative recombination cente
However, the relatively high photoluminescence intensity

FIG. 2. Photoluminescence spectra of InyGa12xAs12xNx/GaAs quantum
wells at 300 and 77 K.1 — y50.20,x50, quantum-well width 10 nm,2 —
y50.20,x50.02, 10 nm, and3 — y50.28,x50.03, 7 nm.
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a thick GaAsN layer with a 2% nitrogen content and also
results of x-ray measurements indicate that the struct
quality of the grown solid solution is fairly high. Thus, on
method of further increasing the emission wavelength
nitrogen-containing heterostructures grown on GaAs s
strates and also of enhancing the intensity of the lumin
cence signal is to use GaAs–GaAsN–GaAsInN–GaAs
GaAs heterostructures, in other words, to insert GaInA
quantum wells in a GaAsN matrix containing no more th
2–3% nitrogen.

CONCLUSIONS

Molecular beam epitaxy has been used to grow GaA
GaAs and InGaAsN/GaAs heterostructures. The influenc
the microwave power of the nitrogen source and the gro
rate on the characteristics of GaAsN layers has been stud
e
al

f
-

s-
–
N

/
of
th
d.

It has been demonstrated that 1.4mm emission can be ob
tained at room temperature, which is extremely promis
for the fabrication of GaAs devices for fiber-optic commun
cation lines.

This work was supported by the ‘‘Physics of Solid-Sta
Nanostructure’’ Program of the Ministry of Science an
Technology of the Russian Federation.
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Temperature–composition–degree of compositional ordering phase diagram of lead
scandoniobate–scandotantalate solid solutions

I. P. Raevski , V. V. Eremkin, V. G. Smotrakov, E. S. Gagarina, and M. A. Malitskaya

Research Institute of Physics, Rostov State University, Rostov-on-Don
~Submitted May 14, 1998!
Pis’ma Zh. Tekh. Fiz.24, 88–93~December 12, 1998!

It was established that the temperature of the ferroelectric phase transition in crystals of
compositionally ordered solid solutions of lead scandoniobate—scandotantalate with high and
low degrees of orderingS depends linearly on the compositionx. These data were used
to calculate theT–x–S phase diagram of these solid solutions for the first time. ©1998
American Institute of Physics.@S1063-7850~98!01612-7#
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Solid solutions of ternary oxides in the perovskite fa
ily, which possess ferroelectric properties, form the basis
numerous functional materials, including piezoelectric,
pacitor, pyroelectric, electrostrictive, electrocaloric, a
electrooptic.1–4 In some ternary oxides of the PbB0.5

31B0.5
51O3

type ~B315Sc, In, Yb, Lu, Tm; B515Nb, Ta!, in addition
to ferroelectric phase transitions, compositional orde
disorder phase transitions also occur at high temperatur1,5

(Ti51000– 1500 °C). AboveTt ions of trivalent and pen-
tavalent elements are distributed randomly over intraocta
dral lattice sites, whereas below this temperature the ord
state is in equilibrium~compositional or crystal-chemical or
dering!. Since any change in the degreeS of compositional
ordering is achieved by diffusion, fairly rapid cooling of th
sample after annealing may ‘‘freeze’’ the high-temperat
state and produce a material with an intermediate degre
ordering.

This opens up very extensive possibilities for controlli
the properties of materials~which depend very weakly onS)
by varying the preparation conditions without changing th
composition. However, no data are available on the prop
ties of solid solutions of compositionally ordered oxides a
function of S. In particular, the temperature (T) –compo-
sition (x) phase diagrams constructed for several system
these solid solutions,3,4,6,7cannot be considered to be reliab
since compositions with differentx had different values ofS.
Any change in the sample preparation conditions or sub
quent heat treatment leads to substantial changes in theT–x
diagrams.3,7 It is therefore of interest to constructT–x phase
diagrams of compositionally ordered solid solutions allowi
for the dependence of the phase transition temperaturesS
(T–x–S diagrams!. Our aim was to obtain these data for
binary system of mutual solid solutions of lead scandon
bate PbSc0.5Nb0.5O3 ~PSN! and lead scandotantala
PbSc0.5Ta0.5O3 ~PST!, which are promising for many appli
cations.1–3

Unlike previous investigations of compositionally o
dered solid solutions which were only carried out for ceram
samples, here we study crystals because the scope for v
tion of S in crystals is considerably greater than that
ceramics.8,9 The method of growing and investigatin
9451063-7850/98/24(12)/2/$15.00
-
f
-

–

e-
ed

e
of

r
r-
a

of

e-

n

-

c
ria-

PbSc0.5~Nb12xTax)0.5O3 crystals was described in Ref. 10
Dielectric and optical investigations of crystals with hig
values ofS (S50.90– 0.95) showed that the temperatureTC

of the ferroelectric–paraelectric phase transition depends
proximately linearly onx ~Fig. 1!. Changing the value ofS

FIG. 1. T–x phase diagrams of PbSc0.5(Nb12xTax)0.5O3 solid solutions
constructed using data for crystals~1, 2! and ceramic samples~3!: FE —
ferroelectric phase, PE — paraelectric phase;1 — ordered crystals
(S50.90– 0.95),2 — disordered crystals (S,0.2), and3 — disordered
(S,0.2) ceramic samples~data from Refs. 2 and 5!.
© 1998 American Institute of Physics
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FIG. 2. T–x–S phase diagram of
PbSc0.5(Nb12xTax)0.5O3 solid solutions constructed
using data from Fig. 1.
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for the crystals by high-temperature annealing revealed
for solid solutions with large and smallx, the dependence
Tc(S) is the same as that for the corresponding end com
nents:dTC /dS.0 for x.0.6 anddTC /dS,0 for x,0.4.
The dependenceTC(x) plotted for the most disordered crys
tals (S,0.2) is also close to linear~Fig. 1!. This agrees with
the behavior ofTC(x) for ceramic samples constructed usi
data2 for several compositions of PSN–PST solid solutio
annealed aboveTt ~Fig. 1!.

Extrapolating the curveTC(x) for crystals tox51 gives
TC5230°C for disordered PST, which is lower than th
values quoted in the literature,5,8,11 although these cannot b
regarded as sufficiently reliable. The accuracy of ourT–x
diagrams constructed for ordered and disordered PSN–
solid solids is evidenced by the fact that they intersec
x,0.5. Since compositions on either side of the point
intersectionx0 have different signs ofdTC /dS, TC for a
composition withx5x0 should not depend onS. Data given
by Chenet al.2 indicate thatTC for a ceramic withx50.5
increases asS increases from 0 to 0.7, although this change
very small. This suggests thatx0 is slightly less than 0.5
which agrees well with our results. Thus, unlike other kno
systems of solid solutions of compositionally ordered tern
perovskites, whereTC(x) has a minimum,4,6,7,12the values of
TC for disordered and ordered PSN–PST solid solutions v
approximately linearly withx. This difference may arise be
cause PSN and PST are ferroelectric in the disordered
ordered states, whereas other compositionally ordered
nary perovskites are ferroelectrics in the disordered state
antiferroelectrics in the ordered state.12

The thermodynamic model13 indicates thatTC for com-
positionally ordered ferroelectrics depends quadratically
S, TC(S)5Tc(0)2AS2, whereA is a phenomenological pa
rameter andTC(0) is the value ofTC for S50. These results
at
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n

were used to determine the values ofA for various compo-
sitions and to construct the dependenceTC(x,S), i.e., the
T–x–S phase diagram for PSN–PST solid solutio
~Fig. 2!.

These relationships can be used to predict changes in
T–x phase diagrams of compositionally ordered solid so
tions as a function ofSand can appreciably reduce the num
ber of experimental investigations required to optimize
preparation regimes of new materials.

This work was partially supported by the Russian Fu
for Fundamental Research, Project No. 96-02-17 463.
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Field reconstruction of close-packed atomic complexes at the surface of tungsten
T. I. Mazilova

Research and Design Institute of Vacuum Machine Construction, Kharkov, Ukraine
~Submitted April 27, 1998!
Pis’ma Zh. Tekh. Fiz.24, 1–6 ~December 26, 1998!

The observation of low-temperature reconstruction of atomic clusters at a close-packed metal
face using field ion microscopy is reported. An analysis is made of the configuration of
nonclose-packed zigzag atomic chains formed as a result of the decay of clusters.
© 1998 American Institute of Physics.@S1063-7850~98!01712-1#
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The phenomenon of low-temperature evaporation
metals in strong electric fields is used to form sharp m
crotips for scanning tunneling microscopes, atomic force
croscopes, and other types of scanning probe microscop1,2

Field evaporation is used to produce tips with an ide
atomically smooth surface and local radii down to a fe
nanometers at the apex, which can give atomic resolu
and stable emission characteristics. Detailed information
the configuration of atomic complexes at the apex of ti
where the tunnel emission is localized, is required to ens
reliable interpretation of atomic probe images and reprod
ible operating parameters for nanotechnological devi
based on them. In particular, difficulties in the determinat
of surface atoms may be associated with surface relaxa
and reconstruction effects. These effects have been stu
fairly comprehensively at the surface of macroscopic obje
by low-energy electron diffraction,3 but virtually no informa-
tion is available on the specific nature of atomic relaxation
surface nanoclusters. The present paper reports an inves
tion of the low-temperature reconstruction of atomic co
plexes at the$110% close-packed face of tungsten microcry
tals in strong electric fields.

The investigations were carried out using a two-cham
field ion microscope with liquid-hydrogen and liquid
nitrogen cooled samples. The residual gas pressure in
working chamber was 1027– 1026 Pa. Helium at pressure
of 1023– 1022 Pa was used as the imaging gas. Samp
oriented in the@110# direction, having radii of curvature be
tween 4.5 and 50 nm, were prepared by electrochem
etching and subsequent field evaporation. Field evapora
was achieved by applying a positive dc potential or a pul
potential in the range 1–25 kV. The pulse length was 0.25ms
and the rise time was 0.05ms. The rate of evaporation in th
dc regime was 0.1–0.01 atomic layers~110! per second.
Pulsed evaporation at a rate of 105– 107 sheet/s was achieve
at a field strength 12–14% higher than the threshold
evaporation in the dc regime.

The rate of evaporation of atoms from steps of the~110!
faces of microcrystals with radii of curvature at the ap
greater than 15 nm increased sharply as the size of
atomic complex decreased. Figure 1~curve 1! gives the re-
duced rate of evaporationn/n0 as a function of the numbe
of atomsN in the complex at the~110! face of a microcrystal
of radius 22 nm. The instantaneousn and initial n0 rates of
9471063-7850/98/24(12)/2/$15.00
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evaporation are defined asdN/dt, wheret is the time. The
raten0 was measured directly after evaporation of the pre
ous atomic layer.

Note that when these nanocomplexes evaporate, the
packing density, which shows up particularly clearly in t
absence of atomic resolution and variations in the contras
the image at the inner sections of the faces, still remains.
number of atoms in the complexes was calculated from
surface area occupied by them. The geometric model of
face formation by field evaporation4 directly indicates that
the rate of field evaporation may increase as the step ra
of the face decreases, but it is easy to show that the geo
ric effect is at least an order of magnitude smaller than
observed effect.5 A similar effect was observed as a result
pulsed evaporation of microcrystals having radii of curvatu
in the range under study, 15–50 nm.

As a result of the sharp increase in the rate of evapo
tion, no field evaporation could be identified in any of o
thousand experiments after the nanocomplex had reach
size of around ten atoms. This appreciably limits the atta
able localization of the interaction between the working p
of the microtip of a scanning tunneling microscope and
surface being studied or treated. However, when the rad
the tips were reduced to 12–15 nm, this accelerated eva
ration under application of a dc voltage disappeared alm
completely: only a relatively small increase inn/n0 was ob-
served as the size of the complex decreased~Fig. 1, curve2!
as a result of the constraint that the evaporated surface
mained spherical. In the pulsed regime, accelerated fi
evaporation was observed~Fig. 1, curve3! over the entire
range of radii of curvature, 4.5–50 nm.

During evaporation of tips of less than 10 nm radius
the dc regime, voltage dumping during visual monitoring
the process produced atomic complexes of small dimensi
down as far as monatomic. After the size of the comple
had reached around ten atoms during evaporation, the c
plexes became unstable, and initially circular, close-pac
groups of atoms~Fig. 2a! decayed into zigzag chains~Fig.
2b!. An analysis of the configurations of the zigzag cha
revealed that they have a constant width of 0.3260.05 nm.
The average chain width was determined by calculating
radius of curvature for the section between the exits of
^110& and ^321& poles, and the linear dimensions of th
© 1998 American Institute of Physics
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chains on the image were compared with the distances
tween the opposite poles of the$211% faces. In the pulsed
regime no conversion of close-packed clusters into cha
was observed, regardless of the sizes of the crystallites.

The configuration of the chains corresponded to
complexes observed previously at$110% faces, which were
formed as a result of the combined action of heat and fie6

An analysis of configurations of the order of 10° zigz
chains revealed that the links are formed by pairs of ato
The angles between neighboring links are directly de
mined with an accuracy of less than 10° because of the
tial overlap of the atomic images. However, the angles
be calculated with allowance for the width, length, and nu
ber of atoms in the zigzag chains. These calculations s
that the angles between neighboring links~pairs of atoms! on
the ion-microscope images vary continuously as the ch
length decreases. The links of chains of 9–10 atoms are
ented in thê113& directions to within measurement error. A
evaporation proceeds and the chains become shorter
angle between neighboring atoms increased continuo
and reached~6065!°. The continuous change observed in t
angles between neighboring atomic dumbbells on the
microscope images cannot reflect the real distribution
metastable positions of atoms on the close-packed$110%
face.

Muller and Tsong4 showed that in strong electric fields
atoms can migrate from sites in the bulk crystal lattice
metastable positions which correspond to the configura
of a surface atom above a triangle of lower-lying atoms. T
continuous variation of the angles on the ion-microscope
ages is caused by a nonuniform local increase above non
symmetric protrusions on the surface. As the chain len
decreases, the principal radii of curvature of the pertur

FIG. 1. Reduced rate of evaporation versus number of atoms in compl
78 K. Microcrystals having radii of curvatureR522 nm~1! andR511 nm
~2! were evaporated at dc voltage; microcrystals withR512 nm ~3! were
evaporated in a pulsed regime.
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section of the effective electron surface become equali
and the anisotropy of the microscope magnificati
decreases.7 The results of an analysis of ion-microscope im
ages of nonaxisymmetric samples7 indicate that the angle
between pairs of atoms on the images increases, approac
the real angle between the links of the zigzag chains. Fig
2c shows the configuration of atoms in this type of compl
The observation of the formation of nonclose-packed ato
complexes up to 20 K indicates that the atoms may unde
a shift essentially without activation over distances subst
tially greater than the shortest distance between the st
and metastable positions of the surface atoms.4 This effect
may be caused by electric-field-induced dipole–dipole rep
sion of atoms3 near nanocluster steps.

In conclusion, the author would like to than I. M
Mikha�lovski� for interest in this work and useful discus
sions.
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FIG. 2. Formation of zigzag atomic chains during field evaporation of
$110% face ~a, b! and configuration of atoms in chain~c!.
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Influence of the step height of the vicinal surface of germanium on the formation of
antiphase boundaries in a gallium-arsenide–germanium–gallium-arsenide „001… system

A. K. Gutakovski , A. V. Katkov, M. I. Katkov, O. P. Pchelyakov, and M. A. Revenko

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences, Novosibirsk
~Submitted April 16, 1998!
Pis’ma Zh. Tekh. Fiz.24, 7–12~December 26, 1998!

An investigation was made of the formation of antiphase boundaries in a GaAs/Ge/GaAs~001!
system using accurately oriented substrates and substrates misoriented by 3° and 5° in
the @110# direction. It was shown that growth of germanium on a misoriented gallium arsenide
surface leads to the formation of diatomic steps of heighta0/2 and therefore results in
the absence of any antiphase boundaries in a GaAs film grown on this surface. Conditions required
to obtain a vicinal Ge surface consisting of monatomic steps of heighta0/4, whose presence
leads to the formation of antiphase boundaries during GaAs growth, are determined.
© 1998 American Institute of Physics.@S1063-7850~98!01812-6#
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The ability to grow structurally perfect films of pola
III–V semiconductors on nonpolar germanium and silic
substrates can substantially improve various semicondu
devices and can also solve the technological problem
matching III–V optoelectronic devices with silicon techno
ogy. For instance, an almost ideally~0.07%! lattice-matched
GaAs/Ge heterosystem can be used to fabricate a new typ
solar cell1 and also for fabricating heterobipolar transistor2

The main structural defects during epitaxial grow
of pseudomorphic layers of gallium arsenide on
Ge~001! surface are antiphase boundaries,3 but although a
fair amount of literature has been published t
mechanism for their formation is not completely understo
The aim of the present study is to investigate the influe
of submonolayer gallium coatings on the step height on
vicinal Ge~001! surface and also to examine the influence
the step height on the concentration of antiphase bounda
in gallium arsenide grown on a misoriented Ge~001!
surface.

In order to investigate the formation of antiphase bou
aries in a GaAs/Ge/GaAs~001! system, we grew Ge films on
GaAs~001! substrates misoriented by 3° and 5° in the@110#
direction, and then grew a GaAs film on the Ge by molecu
beam epitaxy. The GaAs and Ge layers were grown us
standard effusion-type molecular sources. The GaAs gro
rate was 0.5mm/h and the Ge growth rate 0.2–0.3mm/h.
The substrate temperature was varied between 200
600 °C. The growth process was monitored by 30–40 k
high-energy electron diffraction. The GaAs was grown us
arsenic to stabilize the surface and giving a 234 reconstruc-
tion. The change in the step height~Fig. 1! during growth on
misoriented GaAs~001! substrates was recorded by obse
ing the splitting of the peak on the diffraction pattern in t
azimuth parallel to the direction of the steps.4 A flux of gal-
lium atoms with flux density;531011cm22 s-1 was supplied
to the germanium surface during growth in order to inve
gate the influence of the Ga molecular beam on the s
height of the vicinal face. The structure of the GaAs film
9491063-7850/98/24(12)/3/$15.00
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was investigated by transmission electron microscopy us
a JEM-4000 EX electron microscope. The samples were
pared in the form of thin foils parallel to the growth surfa
using a standard chemical jet etching technique.

After the Ge molecular source had been opened fo
time sufficient to grow approximately one Ge monolayer
exactly~001! oriented GaAs substrates, a 232 surface recon-
struction was observed. This is interpreted as a mixed 231
and 132 reconstruction, which arises because the surf
consists of steps of monatomic heighta0/4 ~Ref. 5!. Before
growth of GaAs on Ge was initiated, the sample was hea
to the epitaxy temperature (T'550 °C! in an As4 beam. The
onset of gallium arsenide growth was characterized by
rapid establishment of the 434 reconstruction, which is a
mixture of 234 reconstructions, typical of the existence
antiphase domains.3,5 This reconstruction was maintaine
throughout the entire growth process. The observation
434 reconstruction may indicate that the GaAs film conta
a mixture of 234 and 432 domains and thus indicates th
presence of antiphase domains. This conclusion is confirm
by transmission electron microscopy. In Fig. 2 these doma
resemble closed regions of arbitrary geometry separated
antiphase boundaries which exhibit a striped black–wh
contrast, typical of inclined interfaces.

The growth of Ge on the misoriented GaAs substra
was accompanied by the formation of steps of heighta0/2,
which was deduced from observing the splitting of the pr
cipal peaks of the diffraction pattern in the azimuth para
to the steps~Figs. 1a and 1b!. Since after the onset of ger
manium growth the separation between the split peaks
mained the same in our case, we can conclude that the he
of the germanium steps corresponds toa0/2. Calculations of
the terrace width from the splitting of the peaks for substra
misoriented by 5° also gave;3 nm, which agrees with the
calculations made using the angle of misorientation for a s
height of a0/2. It should be noted that the surface of th
© 1998 American Institute of Physics
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FIG. 1. Changes in the splitting of the peaks of the high-energy electron diffraction pattern in the^100& azimuth: a — GaAs, b — Ge onGaAs, c — Ge on
GaAs after deposition of Ga;L is the distance between the edges of the steps.4
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growing germanium film clearly contains both diatomic a
monatomic steps and the fraction of these depends on
growth temperature. This is also indicated by the fact tha
1/2 fractional peak was always observed in the 110̄ azimuth
perpendicular to the steps, whereas in the@110# azimuth the
intensity of the 1/2 fractional peak decreased apprecia
with increasing growth temperature. This shows good ag
ment with the data reported by Pukiteet al.4

The growth of GaAs on the germanium surface form
by steps of heighta0/2 started immediately with the forma
tion of a 234 reconstruction, which was maintained throug
out the entire growth process. This indicated that no
tiphase boundaries were formed. Investigations carried
using transmission electron microscopy also reveal no
tiphase boundaries in the gallium arsenide film grown on
germanium surface consisting ofa0/2 steps. It should also b
noted that in this case, unlike in Ref. 3, the growth of galliu
arsenide on germanium was accompanied by rotation of
234 surface reconstruction through 90° relative to the s
strate.

We also observed that when a submonolayer coatin
gallium atoms was present on the surface, the step he

FIG. 2. Image of antiphase boundaries in a GaAs/Ge/GaAs~001! system
obtained by transmission electron microscopy.
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changed froma0/2 to a0/4 during the germanium growth. In
our case, when germanium was grown on a misorien
GaAs substrate, a transition from diatomic steps to predo
nantly monatomic ones was observed after the Ga flux
been supplied for around 20–40 s. In this case, the subs
temperature was 400 °C. The change in the step height
identified from the diffraction pattern in the@110# azimuth
parallel to the steps. Figure 1c shows that the formation
monatomic steps resulted in the distance between the
peaks being doubled. When the Ge growth was then ter
nated and the sample cooled, the monatomic steps rema
on the surface. The possibility of obtaining a vicinal Ge~001!
surface consisting of monatomic or diatomic steps allows
to determine how the step height influences the concentra
of antiphase boundaries in the GaAs film during its sub
quent growth on germanium. Growth of germanium on
vicinal germanium surface consisting of monatomic steps
sulted in the formation of antiphase boundaries. In this ca
the pattern of antiphase domains observed by transmis
electron microscopy is similar to that shown in Fig. 2, but t
average size of the domains was several times smaller
that during the growth of a singular surface. The density
the antiphase boundaries was thus several times higher.

From this reasoning we can conclude that the antiph
boundaries in a GaAs/Ge/GaAs~001! system form mainly be-
cause of the presence ofa0/4 steps on the germanium su
face. It has been shown that when germanium grows
GaAs substrates misoriented by 3° and 5° in the@110# direc-
tion, diatomic steps form and gallium arsenide grows sub
quently without the formation of antiphase boundaries.
transition from diatomic to monatomic steps was identifi
when an additional Ga flux was applied during growth.
transmission electron microscope analysis of gallium a
enide grown on a germanium surface consisting of m
atomic steps reveals a high density of antiphase bounda
whereas growth on a misoriented germanium surface con
ing of diatomic steps results in no antiphase boundarie
the gallium arsenide film.

The investigations were carried out as part of the ‘‘A
tronomy: Fundamental Space Research’’~Epitaxy Project!
and ‘‘Physics of Solid-State Nanostructures’’ State Progra
of the Ministry of Science~Projects Nos. 97-20-25 and 3
011/4!.
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Influence of desorption on the composition of high-temperature superconducting
thin films during magnetron sputtering

A. K. Vorob’ev, S. V. Gaponov, M. N. Drozdov, E. B. Klyuenkov, V. I. Luchin,
and D. V. Masterov

Institute of Microstructure Physics, Russian Academy of Sciences, Nizhni� Novgorod
~Submitted July 6, 1998!
Pis’ma Zh. Tekh. Fiz.24, 13–18~December 26, 1998!

Results are presented of investigations to study how desorption caused by interaction between
the surface of condensation and the plasma particles affects the composition of thin
films of Y–Ba–Cu–O high-temperature superconductors during magnetron sputtering. An
analysis of the current–voltage characteristics of Langmuir probes was used to determine the
floating potential of the substrate at various working gas pressures. Electron Auger
spectroscopy was used to determine the atomic composition of films obtained at various substrate
bias voltages. It was established that during magnetron sputtering of Y–Ba–Cu–O films the
formation of the condensate composition may be strongly influenced by selective desorption of
components from the substrate and the surrounding structural elements as a result of
bombardment by plasma ions accelerated in the floating potential field. ©1998 American
Institute of Physics.@S1063-7850~98!01912-0#
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An important trend in the technology of high
temperature superconducting thin films is to enhance t
homogeneity. Inhomogeneities on 0.01–1mm scales are
caused by the presence of nonsuperconducting secon
phase particles in the films, which are highly undesirable
most applications. Secondary-phase particles appear in
perconducting films duringin situ growth as a result of de
viations of the condensate composition from stoichiome
It is known1 that during magnetron sputtering of multicom
ponent materials, the transfer of the composition from
target to the substrate may be impaired for the follow
reasons: 1! changes in the composition of the multicomp
nent target as a result of diffusion of the components fr
the bulk to the modified surface layer; 2! selective scattering
of sputtered atoms by the working gas; and 3! selective de-
sorption of components from the surface of condensation

Preliminary investigations show that duringin situ
growth of thin films of Y–Ba–Cu–O~YBCO! high-
temperature superconductors in an inverted magnetron s
tering system, the composition of the condensate is subs
tially influenced by all three processes.2 Here we report
results of investigations to study how desorption caused
interaction between the surface of condensation and
plasma particles influences the formation of the composi
of YBCO thin films during magnetron sputtering. We inve
tigated YBCO films around 20 nm thick obtained at vario
substrate bias voltages. The design and operating chara
istics of the inverted magnetron sputtering system were
scribed in detail in Ref. 3. In order to eliminate the influen
of thermal activation of desorption examined in detail
Drozdovet al.4 the films were sputtered without being heat
to the epitaxy temperature.

The atomic composition of the films was determined
electron Auger spectroscopy using an E´ SO-3 spectrometer
For each film we recorded the composition of the layer a
depth of 10 nm after steady-state conditions had b
9521063-7850/98/24(12)/2/$15.00
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reached during a layer-by-layer Auger analysis when
films were sputtered by 500 eV argon ions at an angle of 4
We used the Y~126 eV!, Ba ~600 eV!, Cu ~920 eV!, and O
~512 eV! Auger lines and we analyzed the relative changes
the Cu/Y, Cu/Ba, and Ba/Y atomic ratios.

The substrates were 10310 mm stainless steel plates
which a bias voltage was applied relative to the refere
electrode, which was the casing of the device. One of
substrates was used as a planar Langmuir probe to deter
the floating potential of the substrate. The plasma temp
ture near the substrate was determined using a 1430.1 mm
double Langmuir probe.

Figure 1 gives the current–voltage characteristics of
planar Langmuir probe at various working gas pressu
These characteristics are broadly typical and are simila
those described by Raı˘zer.5 The upper kink on the characte
istic identifies the plasma potential (Vs511.2 V relative to
the reference electrode!. At a certain negative potential,Vf

between21.0 and21.5 V relative to the plasma potentia
the current to the probe disappears. This potential~floating
potential! is acquired by an isolated body inserted in t
plasma. As the pressure increases from 25 to 47 Pa, the fl
ing potential increases from21.0 to 21.5 V. In Langmuir
probe theory, the increase in the floating potential is attr
uted to the influence of collisions in the transition regim6

An analysis of the characteristics of the double Langm
probe gives electron temperatures of 0.28, 0.48, and 0.46
for pressures of 25, 38, and 47 Pa, respectively.

Figure 2 gives the atomic ratios of the components
YBCO films obtained at a working gas pressure of 38 Pa
various substrate bias voltages. The atomic ratios are nor
ized to the peaks, which are taken to be the stoichiome
ratios. This method of representing the data can obviate
need to use a standard and allow for changes in the com
sition caused by the preferential sputtering during a layer-
layer Auger analysis. Figure 2 shows that at voltages
© 1998 American Institute of Physics
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tween11.0 and11.5 V relative to the reference electrod
which correspond to the plasma potentialVs in Fig. 1, the
atomic ratios are highest. At these voltages there is no
tential difference between the surface of condensation
the adjacent plasma regions. Only thermal ions and elect
reach the growing film. At negative potentials relative to t
plasma~to the left of the peaks in Fig. 2!, a positive space
charge region forms around the substrate. The thermal
entering this region are accelerated toward the surface
condensation to energies corresponding to the potential
ference between the substrate and the adjacent region
unperturbed plasma. The changes in the composition of
YBCO films ~up to 40%! observed in Fig. 2 are evidentl
caused by selective desorption of copper and barium a
toms from the surface of condensation as a result of b
bardment by plasma ions accelerated in the substrate fi
Desorption is also caused by the surface of condensa

FIG. 1. Current–voltage characteristics of planar Langmuir probe at var
working gas pressures.

FIG. 2. Atomic ratios~A! of the components of YBCO films obtained a
various substrate bias voltages.
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being bombarded by electrons accelerated in the subs
field at positive potentials relative to the plasma~to the right
of the peaks in Fig. 2!, which is confirmed by data presente
by Teradaet al.7 The main changes in the Cu/Y and Cu/B
atomic ratios take place at bias voltages up to 0.5 V rela
to the plasma potential, which is substantially below t
sputtering threshold~17 eV from data given by Maissel an
Glang1! and corresponds to the binding energy of copp
adatoms on a glass substrate~0.14 eV according to Chopra8!.
This confirms our hypothesis that desorption of adatoms
fluences the formation of the composition of YBCO film
during magnetron sputtering.

During in situ growth of YBCO films on various dielec
tric substrates in the presence of a nonequilibrium plasma
surface of condensation is always charged to the floa
potential~between21.0 and21.5 V in our case!. Growth of
the films is accompanied by bombardment with plasma i
accelerated in the floating potential field. One of the effe
of this bombardment is the selective desorption of adato
of the components, which substantially changes the com
sition of the condensate. Moreover, in real sputtering s
tems various structural elements~components of the sub
strate holder and parts of the heater! are located in the
immediate vicinity of the substrate. These elements may
made of dielectric materials or may be coated with a thi
poorly conducting YBCO film. As a result, the structur
surface becomes charged to the floating potential and
comes a source of nonstoichiometric fluxes of desor
YBCO components which reach the substrate.2

To sum up, during magnetron sputtering of thin films
high-temperature superconductors the formation of the c
densate composition may be strongly influenced by selec
desorption of components~in our case, copper and barium!
from the substrate and the surrounding structural elemen
a result of bombardment by plasma ions accelerated in
floating potential field.

This work was carried out as part of the ‘‘Topical Dire
tions in the Physics of Condensed Media’’~‘‘Superconduc-
tivity’’ Project No. 98064! program of the State Committe
on Science and Technology and was supported by
Russian Fund for Fundamental Research~Grant No. 96-02-
19283!.
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X-ray optical parameters of a microcapillary lens
Yu. I. Dudchik, N. N. Kol’chevski , and F. F. Komarov

Belarus State University, Minsk
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An analysis is made of the possibility of focusing x-rays using a new element in x-ray optics,
termed a microcapillary x-ray lens. ©1998 American Institute of Physics.
@S1063-7850~98!02012-6#
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X-ray optics devices which can produce microbeams
x-rays with a photon energy of 10–30 keV are of particu
interest for the development of synchrotron technology a
high-power microfocus tubes with transmissive or rotat
anodes. Snigirevet al.1 suggested that x-rays could be f
cused by a set of coaxial ordinary biconcave refracting
crolenses fabricated from a low atomic number~low-Z! ma-
terial ~carbon, polymers!. Studies reported in Refs. 1–
showed that 14 keV and 30 keV x-ray beams from a s
chrotron could be focused to a spot a few micrometers
size. The design of these x-ray lenses opens up a whole r
of technical realizations: in Refs. 1–3 these lenses w
made by drilling 30–40 holes 0.5–1 mm in diameter in
aluminum or polymer plate. The ‘‘necks’’ between the hol
functioned as the microlenses. However, although a gai
100 or more is theoretically possible for this type of lens,
practice the gain was only 2–6, which makes it promising
search for other technical realizations for the design o
refracting x-ray lens.

Here we examine a possible design of an x-ray le
~Fig. 1! and calculate its x-ray optical parameters.

We know4 that a droplet of liquid such as water insert
in a glass microcapillary has the form of a biconcave le
The surface quality of this lens is fairly high and it can tran
mit the image of objects in the visible wavelength range. T
biconcave shape of the droplet means that it can be use
focus x-rays and by using many such droplets, it is poss
to reduce the focal length of the system to around 1 m. T
gain G of this system defined as the ratio of the photon fl
density of given energy incident on the lens to the flux d
sity at the focus, depends on the capillary radiusR and the
thickness of the lens~the parameterd in Fig. 1!. The shape of
the droplet surface in the capillary depends on the surf
tension forces at the liquid–glass interface, and to a fi
approximation can be taken as spherical.

We fabricated a system for focusing x-rays which co
tained microlenses of various industrial adhesives formed
side a glass capillary. Figure 2 shows a photograph of
lens for which we used two types of adhesive, epoxy ad
sive and BF-6~Ref. 5!.

The technology used to fabricate the lens included fo
ing a thin layer of adhesive on the inner surface of the c
illary. When the thickness of the film reached a certain val
the spontaneous formation of microdroplets was observe
the capillary. These droplets were distributed fairly regula
9541063-7850/98/24(12)/2/$15.00
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This method can be used to produce 50 or more microlen
in a single capillary.

We established experimentally that for microlenses f
ricated by this method using epoxy adhesive~Fig. 2a! there
is a relationship between the parameterd and the capillary
radius R, which can be approximated by the linear depe
denced5kR1d0, wherek53, d05260 mm.

This dependenced(R) can be used to calculate the x-ra
optical parameters of a lens made of epoxy adhesive.

Calculations were made of the size 2f of the focal spot
~Fig. 1!, the transmission of the lensT, which is equal to the
ratio of the photon flux at the exit of the lens to that at t
entrance, and the gainG5(0.6R/ f )2T. The calculations
were made by means of a numerical simulation of the tra
tories of the x-rays propagating in the system. We assum
that a monochromatic x-ray beam with an angular div
gence of 0.01 mrad was incident on the lens and that a
phragm with an aperture radius of 0.6R was placed ahead o
the lens to reduce the aberration of the system. The num
of lenses was selected to give the focal lengthF51 m using
the following relation from Snigirevet al.:1 N5R/(2dF),
whered is the real part of the refractive index of the x-rays
the lens material. The calculations were made for 15 k
photons and various values of the capillary radiusR. The
coefficient of absorption of the x-rays in the lens mater
was taken to be 0.82 cm21 and the energy of the electro
plasma oscillations was 22 eV.

The results of calculations of the x-ray optical para
eters of the microcapillary lens are presented in Table I.

It can be seen that the proposed lens can focus x-ray
a spot of 3–6mm, amplifying the flux density more than 10
times with a capillary radius of 500–100mm.

It should be noted that although the gains calculated

FIG. 1. Schematic of microcapillary x-ray lens:1 — x-ray beam,2 —
diaphragm,3 — glass microcapillary,4 — adhesive,F — focal length of
lens, and 2f — size of focal spot.
© 1998 American Institute of Physics
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a system containing microlenses fabricated of epoxy ad
sive are fairly high, when BF-6 adhesive~Fig. 2b! or another
adhesive consisting of an alcohol solution of resin and po
mer is used, these gains can also be achieved for 3–5
photons. This is because the thickness of the microlens
this case becomes appreciably less thanR, as can be seen

FIG. 2. Photographs of microcapillary x-ray lens made of: a — epoxy
adhesive~epoxy resin and hardener!; b — BF-6 adhesive~alcohol solution
of polyvinylbutyral and resin!.
e-

-
eV
or

from Fig. 2b, which increases the transmissionT. However,
calculations for this case present considerable difficulties
cause it is impossible to determine the shape of the micro
surface at this stage of the investigations. We plan to c
sider the results of experimental investigations for this c
in a separate publication.

This work was partially supported by the Belarus Fu
for Fundamental Research~Grant No. F97-036!.
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TABLE I.

R, mm 200 150 100 50

N 91 69 46 23
d, mm 540 390 240 90
T, % 1 9 38 83
2 f , mm 12 9 6 3
G 5 38 150 331
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Nonlinear characteristics of resonators and filters made from high-temperature
superconducting films

I. B. Vendik, S. A. Gal’chenko, M. N. Gubina, V. V. Kondrat’ev, S. Leppyavuori,
and É. Yakku

St. Petersburg State Electrotechnical University
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The behavior of planar superconducting resonators and filters under the action of an elevated-
power microwave signal is described. A phenomenological model is proposed to provide
an adequate description of the nonlinear properties of the surface resistance of a superconducting
film. This model is used to derive an analytic expression to calculate the intrinsic Q factor
of the resonator for various input power levels. The model uses a single phenomenological
parameter whose value depends on the quality of the superconducting film and its capacity
to sustain power. A temperature dependence is proposed for this parameter, which can reduce the
results of measurements at different temperatures to a single value and allows the nonlinear
properties of these film samples to be compared quantitatively. ©1998 American Institute of
Physics.@S1063-7850~98!02112-0#
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High-temperature superconducting~HTSC! films on a
dielectric substrate have been successfully used to fabr
planar band-pass microwave filters with the lowest losse
the pass band yet recorded. However, because of the no
earity of the surface resistance with respect to a microw
current, the characteristics of the filters are distorted whe
microwave of fairly large amplitude propagates through
filter.

We investigated two filter configurations made fro
YBCO films on an LaAlO3 substrate with a permittivity of
23.7~PRIMA TEC films,Rsur50.6 mV at temperatureT577
K and frequencyf510 GHz, film thickness 400–500 nm!.
The films were grown on substrates of different thickne
0.45 and 1.0 mm. The filters were designed for the sa
frequency 1.75 GHz, the same 4% pass band, and the m
surements were made at the same temperatureT577 K. The
tenth-order filter consisted of an array of coupled half-wa
microstripe resonators using exciting elements in the form
a T-shaped structure~Fig. 1a! on a 0.45 mm thick substrat
~film No. 1!. The filter characteristics at various input powe
are shown in Fig. 1b. At an input power of 29 dBm~0.8 W!
the characteristics become distorted as a result of the app
ance of nonlinear effects.

A second ninth-order filter also consisted of an array
coupled half-wave resonators using coupled lines as exc
elements~Fig. 2a! on a 1 mmthick substrate~film No. 2!.
The relative position of the half-wave resonators was mo
fied to improve the amplitude–frequency characteristic. T
use of a thicker substrate presupposed a reduction of th
current in the resonators and thus an increase in the no
earity threshold. The filter characteristics at different pow
levels are shown in Fig. 2b. The characteristics become
torted at an input power of 31 dBm~1.26 W!, which barely
exceeds the threshold power for the filter on a thinner s
strate. The absence of any significant increase in the non
earity threshold for filter No. 2 is possibly due to the diffe
9561063-7850/98/24(12)/3/$15.00
te
in
in-
e
a

e

,
e

ea-

e
f

ar-

f
g

i-
e
rf

in-
r
s-

-
n-

ent quality of the films. Further investigations were carri
out to obtain quantitative estimates of the nonlinear prop
ties of the films.

Since these band-pass filters were based on coupled
wave resonators, the nonlinear properties of the filters
determined by the nonlinear behavior of the resonato
Thus, an experimental investigation was made of half-wa
resonators fabricated on the same substrates from the YB
films used for the filters. The experimental results were
sessed using the following model concepts.

The surface impedance of high-temperature superc
ductors as a function of frequency and temperature is relia
described by the linear approximation of the phenomenolo
cal model.1 At high microwave powers a nonlinear increa
in the surface resistance is observed, which may be
pressed as a function of the magnetic field strength in a
tion of the line:2

Rsur~x,t !5Rsur,0 S 11
Hm

2

H0
2

f 2~ t,x!D , ~1!

whereRsur,0 is the surface resistance of the superconducto
the linear approximation,Hm is the amplitude of the mag
netic field strength in a section of the HTSC transmiss
line, f (t,x) is a function which allows for the dependence
the magnetic field on the time and position, andH0 is the
phenomenological parameter of the model.

The parameterH0 can be estimated as

H0' j c lL , ~2!

where j c is the critical current density andlL is the London
depth of penetration of the field in the superconductor.

The nonlinear properties of HTSC resonators are e
mated from the change in the Q factor as the microwa
input power is increased:2
© 1998 American Institute of Physics
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Q0

Q0,eff
511

9

4p

Pin

P0

QE

S 11
QE

Q0,eff
D 2 . ~3!

HereQ0 is the intrinsic Q factor of the resonator in th
linear approximation,Q0,eff is the effective Q factor of the
resonator as a function of the input powerPin ,QE is the
external Q factor of the resonator, which is determined
the coupling between the resonator and the external circ
andP0 is the characteristic power defined as the microwa
power in the resonator assuming that the magnetic fi
strength in it isH0. The parameterP0 is a quantitative mea
sure of the capacity of the HTSC film forming part of
resonator to withstand a high microwave power level with
nonlinear distortions. AsP0 increases, the nonlinearit
threshold of the film increases.

In the nonlinear regime we investigated two half-wa
microstripe resonators on two different substrates. Figur
gives the results of measurements of the normalized intri
Q factor of a resonator formed by YBCO film No. 1 on a th
substrate plotted as a function of the input microwave po
at T560 K. The Q factor was normalized to that measured
the linear regime at low input microwave power. Also plo
ted is the calculated characteristic~3! obtained forP0523
W. The nonlinear characteristics were measured at diffe
temperatures. In accordance with expression~2!, P0 depends
on temperature, since the critical current and the Lond
penetration depth depend on temperature. Using the typ
temperature dependence of the critical current and

FIG. 1. Topology of a tenth-order filter~a! and its amplitude–frequency
characteristic at various powers~b!.
y
ts,
e
ld

t

3
ic

r
n

nt

n
al
e

temperature dependence of the London depth given by
model,1 we proposed the following temperature dependen
for the parameterP0:

P0~T!5P0~0! S 12S T

Tc
D 2D , ~4!

whereP0(0) is determined atT50 by extrapolating the ex-
perimental results.

FIG. 2. Topology of a ninth-order filter~a! and its amplitude–frequency
characteristic at various powers~b!.

FIG. 3. Normalized intrinsic resonator Q factor versus input power.
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For the second resonator, formed by film No. 2 on
thick substrate, the measurements were made at the s
temperatureT577 K. Reducing the results of the measur
ments of the nonlinear resonator characteristics to the s
temperature~77 K! using expression~4!, we find P0512 W
for film No. 1 andP052 W for film No. 2, which suggests
that the films are of different quality in terms of their no
linear characteristics: film No. 2 on the thick substrate ha
lower nonlinearity threshold in a microwave field than fil
No. 1.

Investigations of the nonlinear characteristics of t
films show complete agreement with the measurement
the nonlinearity parameter for the half-wave resonato
me
-

e

a

of
s,

which confirms that the parameterP0 is suitable for estimat-
ing the nonlinear properties of planar HTSC filters.

This work was carried out under Project No. 98063
the State Scientific and Technical Program in the ‘‘Sup
conductivity’’ category of ‘‘Topical Problems in the Physic
of Condensed Media’’ and received financial support fro
the Nokia Foundation.
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Dispersion of a charged bubble in a liquid dielectric in a electrostatic field
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It is predicted that the size and charge of daughter bubbles emitted in an electrostatic field
from different tips of a charged parent bubble will differ. ©1998 American Institute of Physics.
@S1063-7850~98!02212-5#
in
m
o

r
ar
i

ic
le
he

o
a

e

e
le

s
re

he
l-

le
n

e

re
w
t

f
t

rg
th

an
s

d
e
de

ter

f

on-
y of
hter

s at

e

It has been shown that when a charged gas bubble
liquid dielectric disperses in an electrostatic field, the nu
ber, size, and charge of daughter bubbles formed at the
posite tips of the parent bubble differ substantially.

The breakup of bubbles in a dielectric liquid in an exte
nal electrostatic field is an interesting phenomenon for v
ous branches of technical physics, geophysics, and chem
technology.1,2 It is therefore interesting to identify the bas
laws governing the breakup of a charged bubble in an e
trostatic field; this may be performed by analogy with t
analyses made for a droplet.3,4

Let us assume that a uniform electrostatic field
strength E is created in a liquid dielectric containing
spherical gas bubble of radiusR with surface chargeQ and
surface tensions at the interface. Under the action of th
field E, the bubble is pulled alongE into a spheroid of revo-
lution having eccentricitye, and the gas pressure therein b
comes equal toP. If the charges at the surface of the bubb
possess fairly high mobility, for largeE the bubble become
unstable and small charged daughter bubbles begin to b
away from the opposite tips of the bubble.

As daughter bubbles break away from the parent, t
change their volume fromVi j

0 to Vi j as the pressures equa
ize, and the gas pressure in these bubbles becomesPi j ~here
the first subscript indicates the tip of the parent bubb
i 51 for a bubble emitted from a tip whose polarizatio
charge has the same sign as the bubble’s own charg
i 52 for the second tip, and the second subscriptj indicates
the number of the bubble in the emission process!. The
daughter bubbles, becoming separated from the pa
bubble under the action of electric repulsion forces, form t
groups at a distanceL5ma from the two tips of the paren
bubble (a is the major semiaxis andm is a numerical
parameter!.1 In our model calculations, the electric field o
the group of daughter bubbles, which opposes the separa
of the next bubble, is replaced by the field of a point cha
positioned on the axis of symmetry of the system at
distanceL from the tip of the mother bubble.

We shall assume that at a certain timen21 daughter
bubbles are emitted from the first tip of the parent bubble
l 21 emissions have taken place from the second tip. A
result of the emission, daughter bubbles with chargesqi j

!(Q1ER2) and radiir i j !R are formed. The time require
to separate a daughter bubble is assumed to be of the ord
the period of the capillary oscillations of its dominant mo
9591063-7850/98/24(12)/3/$15.00
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3/2. Thus, over the time taken for one large daugh

bubble to break away from the second tip,k small bubbles
become detached from the first tip, wherek will subse-
quently be defined ask5(r 2l /r in)3/2. The daughter bubbles
in the total electric field will have the form of ellipsoids o
revolution with the eccentricities5 ei j which will be deter-
mined by iteration.

Assuming that the liquid and gas temperatures are c
stant, we can easily find the change in the potential energ
the system as a result of the next emission of two daug
bubbles from opposite tips of the parent bubble

DUi j 54psr i j
2 A~ei j !1qi j

2 B~ei j !

2r i j

22qi j

B~e!

R FQ2 (
j 51

n21

q1 j2(
j 51

l 21

q2 j G
1qi j

K~n i j !

R FQ2 (
j 51

n21

q1 j2(
j 51

l 21

q2 j G
1~21! i 11ERqi j V~n i j !1

qi j

L (
j 51

n~ i &21

qi j

2
4p

3
Vi j Pi j lnFVi j

Vi j
0 G2

4p

3
Pat@Vi j

0 2Vi j #, ~1!

A~ei j !5
1

2S ~12ei j
2 !1/21

arcsinei j

ei j
D ~12ei j

2 !21/6,

B~ei j !5
~12ei j

2 !1/3

ei j
arctanh~ei j !,

K~n i j !5
~12e2!1/3

e
arctanhS e

n i j
D , n i j 5S 11

j i j

a2D 1/2

,

V~n i j !5
e~n i j 21!2n i j arctanh@e~n i j 21!~n i j 2e2!21#

~12e2!1/3~arctanhe2e!
,

n~ i !5H n, if i 51,

l , if i 52,

j i j are the spheroidal coordinates of the daughter bubble
the instant of detachment from the parent bubble andPat is
atmospheric pressure. In Eq.~1! the first term describes th
© 1998 American Institute of Physics
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FIG. 1. Dependences of the following dimensionless p
rameters on the bubble numbern: the radiiX1 ~calculated
points denoted byL), chargesY1 ~calculated points de-
noted by 0!, and specific chargesZ1 ~calculated points de-
noted byh) for daughter bubbles carrying charge of th
same sign as the intrinsic charge of the parent bubble,
also the Rayleigh parameterW2 for the parent bubble~cal-
culated points denoted by1! for w250.06, W250.01, e2

50.7, a150.9, m51, b50.75, andh150.6 ~the param-
etersa1 j5a1, h1 j5h1 were taken to be independent of th
bubble numbern).
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surface energy of the daughter bubbles, the second and
describe the change in the intrinsic electrostatic energy of
bubbles, the fourth describes the change in the energ
electric interaction between the charges of the daug
bubbles and the charge of the parent bubble, the fifth t
describes the change in the energy of interaction between
daughter bubbles and the polarization charge of the pa
bubble, the sixth term describes the energy of interac
between the daughter bubble and the group of previou
emitted bubbles, and the seventh and eighth terms des
the work performed by the gas in isothermally changing
volume of the daughter bubble.

The emission of daughter bubbles will continue as lo
as the Coulomb force responsible for detaching a daug
bubble exceeds the Laplacian force 2psr i j* responsible for
confining the bubble, wherer i j* is the radius of the neck
Assuming that the field strength at the point of detachmen
determined by the field of the parent bubble, and also by
field of previously detached daughter bubbles, we obtain
conditions for detachment of daughter bubbles from differ
tips of the parent bubble:
ird
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a i j Xi j ~12ei j
2 !1/6

8

<Yi j ~w1W!2H F W

w1W
2 (

j 51

n21

Y1 j2(
j 51

l 21

Y2 j GC~n i j !

1~21! i 11
w

w1W
T~n i j !2

~12e2!2/3

m2 (
j 51

n~ i &21

Yi j J , ~2!

T~n i j !512
arctanh~en i j

21!2en i j ~n i j
2 2e2!21

arctanh~e!2e
,

C~n i j !5
~12e2!2/3

~n i j
2 2e2!

,

a i j 5
r i j*

bi j
, Yi j 5

qi j

~Q1ER2!
, Xi j 5

r i j

R
,

W25
Q2

16psR3
, w25

E2R

16ps
,

m-

e-

sic
eter
FIG. 2. Dependences of the following dimensionless para
eters on the bubble numberl: the radii X2 ~calculated points
denoted byL!, the absolute values of the chargesuY2u ~calcu-
lated points denoted by 0!, and the absolute values of the sp
cific chargesuZ2u ~calculated points denoted byh! for daughter
bubbles carrying charge of sign opposite that of the intrin
charge of the parent bubble, and also the Rayleigh param
W2 for the parent bubble~calculated points denoted by1! for
w250.06, W250.01, e250.7, a250.9, m51, b50.75, and
h250.6 ~the parametersa2 j5a2, h2 j5h2 were taken to be
independent of the bubble numberl!.



o
e
n

i
th
ir
ro
te

g
te

.

the
ers
be
mit-
me
s. 1
hter
the

.

961Tech. Phys. Lett. 24 (12), December 1998 S. O. Shiryaeva and A. N. Zharov
whereXi j andYi j are the dimensionless radii and charges
the daughter bubbles, andbi j are the minor semiaxes of th
daughter bubbles. In Eq.~2! the first and second terms i
braces describe the electric field strength created by the
trinsic and polarization charges of the parent bubble at
point of detachment of the daughter bubble, and the th
term gives the electric field strength at the same point p
duced by the total charge of the groups of previously emit
bubbles.

We impose the constraint that because of the Onsa
principle of least energy scattering, the change in the po
tial energy is extremal, i.e., the conditions](DUi j )/]qi j 50,
](DUi j )/]r i j 50 are satisfied.6 This gives, in addition to Eq
~2!, another four equations to find the unknownsXi j ,Yi j ,
andn i j .

Yi j

B~ei j !

Xi j
1F W

w1W
2 (

j 51

n21

Y1 j2(
j 51

l 21

Y2 j G @K~n i j !2B~e!#

2~21! i 11
w

w1W
V~n i j !1

~12e2!1/3

m (
j 51

n~ i &21

Yi j 50,

~3!

Xi j 5A~ei j !2~W1w!2Yi j
2 B~ei j !

Xi j
2

2h i j bXi j
2 50, ~4!
f

n-
e
d
-
d

er
n-

h i j 5
Pi j 2Pat

P2Pat
, b5

~P2Pat!R

2s
.

A numerical analysis of the system~2!–~4! shows that
the radii and charges of daughter bubbles emitted from
second tip, the sign of whose polarization charge diff
from that of the intrinsic charge of the parent bubble, will
greater than the dimensions and charges of the bubbles e
ted from the first tip, whose polarization charge has the sa
sign as that of the parent bubble, as can be seen from Fig
and 2. These figures also show that the number of daug
bubbles emitted from the first tip is much greater that
number emitted from the second tip.

1C. G. Garton and Z. Krasucki, Trans. Faraday Soc.60, 211 ~1964!.
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An interpretation is proposed for an effect in which the spheroidal deformation of a droplet
which is unstable against induced charge increases more rapidly than exponential with time.
© 1998 American Institute of Physics.@S1063-7850~98!02312-X#
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Since the amplitude of the perturbation of a drop
shape which is unstable with in relation to a critical unifor
electrostatic field increases nonlinearly, the time evolution
the amplitude of a spheroidal axisymmetric perturbation
its shape is substantially faster than exponential.

The phenomenon of instability of an uncharged drop
of electrically conducting liquid in a uniform electrostat
field E is encountered in a wide range of different applic
tions in physics, geophysics, scientific instrument manuf
ture, engineering, and chemical technology~see Refs. 1–3
and the cited literature!. This effect is observed as a rap
increase in the amplitude of the spheroidal deformation
the droplet with time, followed by the ejection of exce
polarization charge from the tips in the form of a series
highly dispersed, strongly charged droplets. Neverthel
some aspects of this instability have been little studied, p
ticularly the growth rate of the spheroidal deformation of
unstable droplet with time. A theoretical analysis of this a
pect is also of interest because Inoulettet al.4,5 established
experimentally that the growth rate of the spheroidal def
mation of an unstable droplet is faster than exponential.

1. From Refs. 6 and 7, the spectrum of capillary oscil
tions of an isolated droplet of radiusR, consisting of an idea
conducting liquid, in a uniform electrostatic fieldE with the
surface tensions is given by

vn
252

s

rR3
n~n21!~n12!@12WA~n!#, W5E2Rs21,

~1!

wheren is the number of the capillary oscillation mode,r is
the density of the liquid, and the coefficientA(n) is deter-
mined by the mode numbern and by the system of physica
units used. For the dominant mode (n52) responsible for
the spheroidal deformation we haveA2

2152.59 in Gaussian
units. It can be seen from formula~1! that for W.A2

21 the
droplet begins to become unstable, and within the limits
validity of linear analysis, the amplitudez of the dominant
mode of its capillary oscillations begins to increase with tim
asz;exp(xt), where

x5A 8s

rR3
@12W~e2!A2# ~2!

is the instability growth rate.
9621063-7850/98/24(12)/2/$15.00
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However, whenW5A2
21 holds, the droplet is already

unstable against infinitesimal virtual deformations of its s
face of the formz5z0P2(cosu). The excitation of this type
of deformation could at least be responsible for the therm
motion of the liquid molecules.

2. Let us assume that the fieldE corresponds to the criti-
cal value of the parameterW. The initial equilibrium droplet
shape inE is spheroidal with eccentricitye0 . When instabil-
ity occurs, the droplet departs from equilibrium and
eccentricity begins to increase with time. All this stem
from an infinitesimal thermal perturbation of the domina
mode of the typez5z0P2(cosu). The amplitudez0 of the
thermal perturbation of the droplet shape is given
z05(s/kT)21/2, wherek is the Boltzmann constant andT is
the absolute temperature of the liquid. For this type of p
turbation the major and minor semiaxes of the spheroid
given by a5R1z0 and b5R2 1

2z0 , since P2(0)51, and
P2(p/2)521/2.

The square of the eccentricitye2 of the resulting spher-
oid is related to the amplitudez0 of the small perturbation to
within the first order of smallness with respect toz0 /R by

e2512
~b020.5z0!2

~a01z0!2
'e0

21
3z0

R S 12
7

6
e0

2D . ~3!

3. Thus, thermal excitation of the dominant mode in
spheroidal droplet corresponds to a virtual increase in
eccentricity frome0 to e, defined by Eq.~3!. However, for a
spheroid the critical value of the parameterW for instability
of the droplet with respect to the polarization charge is
decreasing function of the square of the eccentricity.6,7 To
first order in the square of the eccentricitye2 this function
may be expressed in the form6,7

WA25@12ae2#. ~4!

The valueWA251 for e2.e0
2 will be supercritical for

the spheroid, and whenz0 /R!1 holds classical concept
indicate that the amplitude of the perturbation will begin
increase exponentially with time with the growth ratex
given by Eq. ~2!. In expression~2! for x we substitute
Eq. ~4!, which gives

x5A 8s

rR3
ae2. ~5!
© 1998 American Institute of Physics
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This implies that the amplitudez of the perturbation of the
spheroidal droplet shape will increase with time as

z5z0ext5z0expSA 8s

rR3
ae2 t D . ~6!

However, an increase in the amplitude of the pertur
tion corresponds to further elongation of the droplet, an
crease in its eccentricity, and a reduction in the critical va
of the parameterW required for instability, as given by for
mula ~4!, and therefore increases the instability growth ra

4. Writing a series of increasing perturbations at simi
times and using Eqs.~2!–~6!, we can obtain a nonlinear in
tegral equation to describe the growth of the amplitudez
with time, as was done8 for a droplet which was unstabl
with respect to its own charge:

z~t!5z0expH E
0

tS a*
z~t!

z0
D 1/2

dtJ , ~7!

t5S 8s

rR3D 1/2

t, a* 53a
z0

R S 12
7

6
e0

2D .

The solution of Eq.~7! has the form

z~t!5z0~120.5a* t!22.

To within the dimensionless notation Eqs.~7! and ~8!
agree with the similar relations describing the temporal
crease in the amplitude of the spheroidal perturbation of
initially spherical droplet which is unstable with respect to
own charge.9 It is easy to see that the time dependence of
amplitude of the spheroidal perturbation~8! is stronger than
exponential with the growth ratea* ~Ref. 9!, and agrees
qualitatively with that determined experimentally.5

Assuming that the value of the Taylor parameterW sub-
stantially exceeds the critical value for the onset of insta
ity, i.e., WA2511h, where h>0, the expression for the
instability growth rate of the dominant mode will have th
form

x5A 8s

rR3
~h1ae2!,
-
-
e

.
r

-
n

e

l-

and the integral equation describing the time dependenc
the amplitude of the dominant-mode instability will be

z~t!5z0expH E
0

tS h* 1a*
z~t!

z0
D 1/2

dtJ , h* 5h1ae0
2 .

~8!

The solution of Eq.~9! may be written as

th
*
1/25 lnH @~h* 1a* X!1/22h

*
1/2#@~h* 1a* !1/21h

*
1/2#

@~h* 1a* X!1/21h
*
1/2#@~h* 1a* !1/22h

*
1/2#

J ,

X5z~t!/z0 .

Whenh* @a* X this relation is reduced to the expone
tial form to first order ina* X,

z~t!5z0exp~h
*
1/2t!.

That is to say, in this situation the time evolution of th
amplitude of the spheroidal perturbation is characterized
the growth rateh

*
1/2, which describes the degree of supe

criticality of the Taylor parameterW.
5. To conclude, when an uncharged droplet of elec

cally conducting liquid becomes unstable with respect to
external uniform electrostatic field, the elogation of the dro
let into a spheroid exhibits different time behavior depend
on the conditions for departure from equilibrium.
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28, 1203~1992!.
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65~9!, 39 ~1995! @Tech. Phys.40, 885 ~1995!#.
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Interaction of hydroxyapatite with titanium nickelide and titanium
N. A. Shevchenko, V. I. Itin, A. A. Tukhfatullin, M. L. Melikyan, and M. Z. Mirgazizov

Research Institute of Medical Materials and Implants with Shape Memory, Tomsk
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It has been established that the interaction of hydroxyapatite with titanium nickelide and titanium
results in the formation of new phases whose physicomechanical properties and
biocompatibility are unknown. After hydroxyapatite has been resorbed, these phases come in
contact with tissue and near-tissue fluids and influence the result of the implant.
© 1998 American Institute of Physics.@S1063-7850~98!02425-2#
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Hydroxyapatite is one of the best materials for osteo
placement, since when inserted in the body it is resorbed
normalizes osteogenesis.1 Thus, it is widely used for coating
metallic medical implants. The main methods of deposit
hydroxyapatite on a metal base are plasma deposition2,3 and
baking.4 However, interaction of the components at t
metal~alloy!–hydroxyapatite interface has been very lit
studied,2,3 although this subsequently determines the phy
comechanical properties and biocompatibility of the impla
with the body tissue.

Here we use thermography, derivative differential th
mal analysis~DDTA!, and x-ray phase analysis to investiga
the interaction of hydroxyapatite with titanium nickelide a
titanium, which are widely used as materials for implants
medicine.5

The thermal effects were studied using a Q-1500 d
vatograph in an argon atmosphere. The x-ray phase ana
was carried out using a DRON-3 device using with radiat
and a filter.

Powder of PN55T45 grade titanium nickelide a
PTOM grade titanium was thoroughly dried and then mix
in the ratio 1:1 by weight with ‘‘Hydroxyapol’’ hydroxyapa
tite powder manufactured by ‘‘Polikom,’’ which complie
9641063-7850/98/24(12)/2/$15.00
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with the international standard ASTM-F 1185-88 and is
censed for medical use.6

Cylindrical samples 10 mm in diameter and 5 mm hi
were pressed from the mixture and baked in an SN´

1.3.1/16 ICh electrical furnace in a vacuum of 13
31024 Pa using different temperature–time regimes.

The thermogram of pure hydroxyapatite does not exh
any thermal effects up to 1400 °C, which agrees with Ref
For mixtures of this substance with titanium the curves
almost smooth and there are no thermal effects to indic
any interaction of the components. The thermograms of m
tures of hydroxyapatite and titanium nickelide revealed
endothermic effect at 1145 °C. Heating of weighed batc
of titanium or titanium nickelide powder mixed with hy
droxyapatite in the temperature range 100–900 °C is acc
panied by a negligible reduction in mass~2–3%!, which is
evidently caused by loss of water or an OH group.

An x-ray phase analysis reveals that the interplanar sp
ings and the unit cell parameters of the hydroxyapatite po
der show good agreement with the ASTM data. After bak
at 1150 °C the phase composition is indistinguishable fr
the initial composition, and only a change in the line inte
sities can be identified. Heating in the derivatograph
TABLE I. Phase composition of baked mixtures of hydroxyapatite with titanium nickelide and titanium.

Phase composition

Baking regime Hydroxyapatite–TiNi Hydroxyapatite–Ti

Initial mixture Ca10~PO4)6~OH!2 , TiNi Ca10(PO4)6~OH!2 , Ti

T5800°C, 2 h Ca10(PO4)6~OH!2 , TiNi, Ni3Ti Ca10(PO4)6~OH!2 , Ti

T5950°C, 10 min Ca10(PO4)6OH2 , TiNi, Ni3Ti, Ca10(PO4)6~OH!2 , Ti,
CaO, Ca4P2O9 CaO, Ca4P2O9

T5950°C, 2 h Ca10(PO4)6~OH!2 , TiNi, Ni3Ti, Ti, CaO, Ca4P2O9

NiTi2 , CaO, Ca4P2O9

T51050°C, 2 h Ni3Ti, NiTi 2 , Ca4P2O9 , Ti, Ca4P2O9 , Ca3(PO4)2 ,
Ca3(PO4)2 , CaTiO3 , Ti3P CaTiO3 , Ti3P

T51150°C, 2 h Ni3Ti, NiTi 2 , Ca4P2O9 , CaTiO3 , Ti3P
Ca3(PO4)2 , CaTiO3 , Ti3P

Heating to 1400°C
in derivatograph CaTiO3 , Ti3P CaTiO3 , Ti3P
© 1998 American Institute of Physics
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1300 °C results in the appearance of CaO calcium ox
lines. Thus, hydroxyapatite undergoes partial thermal
composition at lower temperatures than those indicated
the literature.7

The phase composition of baked mixtures of hydrox
patite and titanium nickelide powders is given in Table I. O
the x-ray diffraction patterns of the initial mixture of hy
droxyapatite and titanium nickelide powders, the position
the x-ray lines and their intensity correspond to those of
components. Baking at 800 °C for 2 h gives rise to Ni3Ti
lines. After baking at 950 °C for 10 min the intensities of t
lines assigned to Ca10(PO4)6~OH!2 and titanium nickelide
are reduced appreciably, and lines of tetracalcium phosp
Ca4P2O9 and possibly CaO are also observed. An increas
the baking time to 2 h results in the appearance of NiTi2 lines
and a further reduction in the line intensities of the ma
components, while the lines of the Ca4P2O9 and CaO phase
remain almost unchanged.

When the temperature is increased further to 1050
the lines ascribed to hydroxyapatite and titanium nickel
disappear and the phases CaTiO3 , tricalcium phosphate
Ca3(PO4)2 , and apparently Ti3P appear. The Ca4P2O9,
Ca3(PO4)2 , and CaO phases observed after baking co
spond to the decomposition products of hydroxyapatite un
heating. The calcium phosphates Ca4P2O9 and Ca3(PO4)2 in
turn decompose to form phosphoric and calcium oxid
P2O5 and CaO. The phosphoric oxide is reduced by the t
nium to form titanium oxide TiO2 and titanium phosphide
Ti3P. Subsequent interaction between the calcium oxide
the titanium oxide results in the formation of the CaTiO3

phase. After baking at 1150 °C the phase composition
mains almost unchanged and only the line intensities
redistributed. X-ray diffraction patterns of the initial mixtur
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after heating in the derivatograph to 1400 °C only rev
lines of CaTiO3 and titanium phosphide Ti3P.

A study of the interaction of the components wh
titanium and hydroxyapatite are baked under the same c
ditions yields similar results. In the temperature range 95
1150 °C titanium reacts with the hydroxyapatite to form t
phases described above~see Table I!. These results agre
with those reported earlier,8 where the phases Ti3P and
CaTi2O5 were observed when hydroxyapatite was depos
on a titanium plate by plasma deposition.

Thus, we have established that interaction of hydrox
patite with titanium nickelide and titanium at the interfa
results in the formation of new phases whose physicom
chanical properties and biocompatibility are unknown. Sin
hydroxyapatite is a bioactive ceramic which is gradually
sorbed in the body, these phases can substantially influe
the result of an implant.

1L. N. Lysenok, Nov. Stomat. Spets. Vypusk. No. 6, 61~1997!.
2V. N. Lyasnikov and L. A. Vereshchagina, Perspekt. Mater. No. 6,
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No. 5, 44~1997!.
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als, Switzerland, 1994, pp. 703–708.

5V. É. Gyunter, V. I. Itin, L. A. Monasevichet al., Shape Memory Effects
and Their Application in Medicine@in Russian#, Nauka, Novosibirsk
~1992!, 742 pp.

6A. S. Berlyand, A. I. Volozhin, A. Z. Knizhniket al., Nov. Stomat. No. 3,
9 ~1992!.

7V. P. Orlovski�, Zh. A. Ezhova, G. V. Rodichevaet al., Zh. Neorg. Khim.
35, 1337~1990!.
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Protection of YBa 2Cu3O72d films from atmospheric degradation
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Sciences, Chernogolovka
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Thin ~40–80 nm! layers of YSZ deposited on the surface of YBa2Cu3O72d films reliably protect
the superconductor from atmospheric degradation. The high rate of oxygen diffusion in the
protective layer allows further oxidation of the YBa2Cu3O72d . Processes accompanied by release
of oxygen from the YBa2Cu3O72d cause the protective properties of the coating to be lost.
© 1998 American Institute of Physics.@S1063-7850~98!02512-9#
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It is well known that when YBa2Cu3O72d ~YBCO! films
are left in the atmosphere, their electrical characteristics
teriorate: the critical temperatureTc and current densityj c

decrease and the resistivity increases.1,2 Chemical reactions
with carbon dioxide and water lead to the formation of am
phous layers on the surface of the samples, while interac
with water reduces the oxygen concentration in the YBC
crystal structure.1 Degradation takes place particularly ra
idly when water condenses on the surface of the films.2 The
deposition of silver3 and polymer4 coatings significantly
slows this degradation.

For many applications of high-temperature superc
ducting films, including radio engineering, a dielectric pr
tective coating is required with low losses in alternating el
tromagnetic fields. From the technological viewpoint, it
desirable for the protective coating to allow oxygen to p
through at the temperatures of 400–500 °C used for oxi
ing heat treatment, so that the oxygen concentration in
YBCO film can be corrected.

A suitable material in this respect is zirconium oxid
stabilized in the cubic phase with yttrium oxide~YSZ!. This
YSZ is inert with respect to YBCO and is frequently used
a substrate material for the growth of high-temperature
perconducting films. As a result of the presence of structu
vacancies in the oxygen sublattice, YSZ has a high io
conductivity ~O22 ion carriers! and a high oxygen diffusion
coefficient for simple oxides.5

In order to identify the protective properties of YSZ, w
used single-crystalc-oriented YBCO films 0.15mm thick,
grown by off-axis dc magnetron sputtering of a stoich
metric target on sapphire@1102# substrates with an epitaxia
CeO2 buffer layer. The reaction mixture consisted of arg
and oxygen in the ratio 2:1, the total pressure was 30 Pa,
the substrate temperature 710 °C. The parameters of
films obtained under these conditions with optimized cool
wereTc587–89 K,dTc'0.8 K, j c~77 K!>106 A/cm2 ~from
resistive measurements!, and the ratioR~300 K!/R~100 K!
52.9–3. These films contain copper-enriched particles w
maximum sizes up to 1mm and densityN'23107 cm22,
which protrude above the surface of the films. Gold cont
areas were preliminarily deposited on the substrate and
surfaces were partially masked off during the deposition
9661063-7850/98/24(12)/2/$15.00
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YBCO. Tracks 3–5 mm long and 1.5–3 mm wide we
scribed onto the films.

In another method, magnetron sputtering of a Zr1 22
wt.%Y metal target in a conventional geometry was us
to deposit YSZ films on samples heated to 400 °C in
oxygen environment atP52 Pa. Directly before deposition
of the YSZ, the samples were held for'20 min at this tem-
perature and pressure. This deposition regime was sele
for the protective coating first, to achieve satisfactory ad
sion between the YSZ layer and the YBCO film and seco
to remove moisture sorbed by the film at the previous sta
of preparation and storage. Fetisov6 observed that dehydra
tion is most efficient when heat treatment is near the tet
ortho transition point.

In order to avoid degradation of the film near the ele
trode as a result of the electromigration of copper and o
gen ions accompanying the passage of electric current,7 the
four-contact resistive measurements were made using a
ternating current~240 Hz, 10mA!.

Ivanov et al.8 showed that the resistance o
YBa2Cu3O72d with a constant oxygen content in the cryst
lattice is linear with respect to temperature as far as the m
ing point and the slope increases with increasingd. This
means that by continuously monitoring the resistance du
heat treatment, we can determine whether oxygen enter
leaves the lattice by looking at the deviation from linearit

When measuring the resistance of the unprotected fi
as a function of temperature under optimized oxidizing h
treatment, we observed that even a slight amount of mois
causes an appreciable increase in their resistance during
ing in dried oxygen~dew point248 °C! at T.240 °C~curve
1 in Fig. 1!. When the films were heated at a rate of
deg/min, similar anomalous resistance peaks were obse
after holding the film at room temperature for several ho
in the laboratory atmosphere. The resistance at lower t
peratures,Tc , anddTc remain unchanged. More pronounce
anomalous peaks were observed after the films had b
heated from liquid-nitrogen temperatures or held brie
above the surface of boiling water. Heat treatment and s
age of the samples in dried oxygen results in a stand
temperature dependence of the resistance~curve2 in Fig. 1!.
We attribute the anomalous increase in the resistance o
© 1998 American Institute of Physics
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films to a reduced oxygen content in the YBCO lattice a
result of a heat-intensified reaction with the water in t
compound. We used this sensitivity of the resistance to
presence of moisture traces in the film to estimate the p
tective properties of the coating.

Protected YBCO films were subjected to treatment
which they were held five times in boiling water vapor a
thermal cycling in which they were cooled to liquid nitroge
temperature and then warmed to room temperature. In b
cases, moisture condensed on the surface of the samples
temperature behavior of the resistance remained the s
after these treatments and corresponded to curve2, while the
superconducting parametersTc ,dTc , and j c ~77 K! corre-
sponded to the initial values.

These characteristics of YSZ films on high-temperat
superconductors provide evidence that they allow oxy
from the atmosphere to pass into the protected YBCO fi
The times needed to attain an equilibrium oxygen conten
temperaturesT'380 °C for high-temperature supercondu
ing films with and without a 40 nm YSZ protective coatin
are similar. However, after heating in oxygen above 400°
protective properties of the coatings deteriorated, and a
control treatment over boiling water the temperature dep
dence of the resistance was described by curve1. It can be
seen from the figure that at these temperatures the resis
increases faster than linear as a result of the reduced ox
content in the YBCO. The release of oxygen from the hig
temperature superconductor causes separation or impair
continuity of the YSZ film. This behavior may be caused
the presence of a layer~or sections! of chemical reaction
products on the surface of the YBCO film, where oxyg
may be present in molecular form~Fig. 2!.

If the YSZ and YBCO films are in direct contact~central
section in Fig. 2!, oxygen penetrates into the superconduc

FIG. 1. Electrical resistance of YBCO film heated in dried oxygen:1 —
containing moisture,2 — previously dehydrated.
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from the atmosphere in several stages~see Ref. 9, for ex-
ample!, i.e., reactions at the outer YSZ surface O2→2O ~1!,
2O54e2→ 2O22 ~2!, transport of oxygen ions through th
YSZ film, and passage across the interface O22~YSZ!
→O22 ~YBCO! ~3!, and subsequent transport through t
superconductor. In sections of the structure where there
layers of chemical reaction products with a lower conduct
ity for oxygen ions, the reverse and forward reactions~1! and
~2! should take place on the upper and lower surfaces
these layers, respectively, accompanied by the generatio
molecular oxygen inside the structure. When oxygen lea
the superconductor, the reverse process takes place. In
to achieve a net outward oxygen flux, the pressure of
molecular oxygen inside the structure should be higher t
the external pressure, which destroys the protective film.

Tests on protective layers 40 and 80 nm thick revea
no differences in their behavior. Thus, thin YSZ layers
fectively protect rough YBa2Cu3O72d films from atmo-
spheric degradation. Their performance is maintained in o
dizing processes which do not reduce the oxygen conten
the protected superconductor.

1V. I. Nefedov and A. N. Sokolov, Zh. Neorg. Khim.34, 2723~1989!.
2G. Watson, S. A. Holt, R.-P. Zhaoet al., Physica C243, 123 ~1995!.
3E. A. Protasov, I. V. Sobakin, Yu. P. Skopintsev, and A. A. Ivano
Pis’ma Zh. Tekh. Fiz.16~17!, 86 ~1990! @Sov. Tech. Phys. Lett.16, 679
~1990!#.

4S. Morohashi, H. Tamura, A. Yoshida, and S. Hasuo, Appl. Phys. Lett.52,
1897 ~1988!.

5J. Hladic ~Ed.!, Physics of Electrolytes, Vol. 1 ~Academic Press, New
York, 1972!, Chap. 8.

6A. V. Fetisov, Neorg. Mater.33, 1360~1997!.
7G. N. Mikha�lova, V. M. Mukhortovet al., Sverkhprovodimost’~KIAE !,
5~12!, 2304~1992!.

8V. V. Ivanov, Yu. A. Kotov, G. A. Mesyats, S. N. Paranin,Electrical
Resistance of the High-Temperature Superconducting Cera
YBa2Cu3O72d Under Pulsed Microwave Heating. Series of preprints of
scientific reports ‘‘Problems of High-Temperature Superconductivity’’@in
Russian#, Komi Scientific Center—Sverdlovsk Scientific Center, Ura
Branch of the Russian Academy of Sciences, No. 12~1989!, 16 pp.

9H. Huang and C. R. M. Grovenor, Physica C210, 87 ~1993!.

Translated by R. M. Durham

FIG. 2. Layer-by-layer model of structure:1 — substrate,2 — YBCO film,
3 — layer of chemical reaction products,4 — YSZ film, and5 — copper-
enriched particles.
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Band-pass microstripe filters using high-temperature superconducting films
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St. Petersburg State Electrotechnical University
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Results are presented of a simulation and experimental investigation of band-pass filters
consisting of coupled microstripe resonators fabricated using high-temperature superconducting
films. It was shown that by using reliable models of high-temperature superconducting
filter elements and careful design, it is possible to synthesize high-temperature superconducting
filters as an integrated circuit without using additional tuning elements. Two filter
configurations were investigated at a frequency of 1.75 GHz with a 4% pass band. A significant
result is that the calculated and experimental characteristics of both filter configurations
show very satisfactory agreement. ©1998 American Institute of Physics.
@S1063-7850~98!02612-3#
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High-temperature superconducting~HTSC! films on a
dielectric substrate can be successfully used to fabricate
nar microwave filters with the lowest pass-band losses
recorded. This can be attributed to the extremely low surf
resistance of these HTSC films at liquid-nitrogen tempe
tures (T577 K!. Since planar band-pass filters are ma
from coupled half-wave or quarter-wave resonators,
method of synthesizing these filters is based on a mode
multiply connected lines. Here we report results of a sim
lation and experimental investigation of band-pass filt
consisting of coupled microstripe resonators fabricated us
YBCO films on an LaAlO3 substrate with a permittivity of
23.7 ~PRIMA TEC films, Rsur50.6 mV at T577 K,
f 510 GHz, and film thickness 400–500 nm!.

The generally held view is that narrow-band, stee
sloping HTSC filters cannot be fabricated without addition
tuning. Here we show that by using reliable models of HT
filter elements and careful design, it is possible to synthe
HTSC filters as an integrated circuit without additional tu
ing elements. This problem is important for the large-sc
application of these filters to mobile communications s
tems.

We investigated two filter configurations at a frequen
of 1.75 GHz with a 4% pass band. One tenth-order filt
No. 1, was fabricated as an array of coupled half-wave
crostripe resonators using a T-shaped exciting-element s
ture ~Fig. 1a! on an LaAlO3 substrate 0.45 mm thick and
in. in diameter. The 1.1 mm wide half-wave resonators w
spaced at different intervals, selected in the design proce
ensure the same coupling coefficients as for the protot
filter using lumpedL–C elements.1

Another tenth-order filter, No. 2, was also fabricated
an array of coupled half-wave resonators~Fig. 1b! on the
same substrate using coupled lines as exciting elements.
width of the microstripe resonator lines was the same as
for filter No. 1. The relative position of the half-wave res
nators was modified in order to suppress coupling betw
nonadjacent resonators, which makes the low-freque
slope of the amplitude–frequency characteristic less stee
9681063-7850/98/24(12)/2/$15.00
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The filter characteristics were calculated using vario
commercial programs~Sonnet, Jomega, MH! and also using
our own model of multiply connected lines, which takes in
account the surface impedance of the YBCO film and
frequency and temperature dependences. An empirical m
of the surface impedance of HTSC films was used.2

The filters were investigated experimentally at liqui
nitrogen temperatureT577 K using an HP network ana
lyzer. The experimental characteristics of the filters are giv
in Fig. 2 together with the calculated characteristics. T
insertion losses in the pass band are less than 0.5 dB

FIG. 1. Topology of the filters studied.
© 1998 American Institute of Physics
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reflection coefficient is better than 12 dB, and the minimu
level of isolation in the stop band is 50 dB. For comparis
Fig. 3 gives the experimental characteristics of filter No
fabricated using YBCO film and its copper analog.

A significant result is that the calculated and experim

FIG. 2. Experimental and calculated characteristics of filter No. 1~a! and
filter No. 2 ~b!: 1 — calculations,2 — experiment.
,

-

tal characteristics of both filter configurations show very s
isfactory agreement. In addition, for filter No. 2 the steepn
of the low-frequency slope is increased with the paras
coupling between nonadjacent resonators partially s
pressed. Figure 3 shows that the quality of the HTSC filt
is substantially better than that of the copper analog.

This work was carried out under Project No. 98063
the State Scientific and Technical Program ‘‘Topical Pro
lems in the Physics of Condensed Media’’ ‘‘Superconduct
ity’’ and received financial support from the Nokia Found
tion.

1D. Zhang, G.-C. Liang, C. F. Shinet al., IEEE Trans. Microwave Theory
Tech.43, 3020~1995!.

2G. L. Matthaei and G. L. Hey-Shipton, inDigest of the International IEEE
Microwave Symposium, Atlanta, GA, 1993, pp. 1269–1272.

3O. G. Vendik, I. B. Vendik, and D. I. Kaparkov, IEEE Trans. Microwav
Theory Tech.46, 469 ~1998!.

Translated by R. M. Durham

FIG. 3. Experimental characteristics of filter No. 1 fabricated using cop
and YBaCuO superconducting film.
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Optimizing the output characteristics of holograms in a Bi 12SiO20 crystal by selecting
the orientation of the crystal and the polarization of the readout light

V. V. Shepelevich and P. P. Khomutovski 

Mozyr State Pedagogical Institute
~Submitted February 4, 1998!
Pis’ma Zh. Tekh. Fiz.24, 55–60~December 26, 1998!

An investigation was made of the orientation angleum for which the diffraction efficiency of a
hologram recorded in a Bi12SiO20 crystal has a maximum, as a function of the crystal
thicknessd. It is shown that the optical activity and piezoelectric effect qualitatively alter the
behavior of the dependencesum(d). © 1998 American Institute of Physics.
@S1063-7850~98!02712-8#
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Topics associated with optimizing the output charact
istics of holograms recorded in cubic refractive crystals h
been examined in various studies~for example, Refs. 1–8!.
Petrovet al.1 determined the polarization azimuth of a lin
early polarized readout beam which maximizes the diffr
tion efficiency of a hologram in a Bi12SiO20 ~BSO! crystal of
thicknessd'2 mm for two orientations of the holograph
grating vector:K i@001# and K'@001#. Mallick et al.2,3 de-
rived analytic expressions for the azimuth of the read
beam for which the hologram gain has the highest values
the same orientations of the holographic grating vec
Shepelevich and Khramovich4 made an analytic study of th
possibility of optimizing the diffraction efficiency of a holo
gram by correctly selecting the orientation angle.

The first experimental and theoretical study of the ph
toelastic contribution to the photorefractive effect in cub
crystals was made by Stepanovet al.5 Odoulov et al.6 re-
ported an experimental investigation of the gain in two-wa
mixing as a function of the orientation of the holograph
grating vector in a cubic GdTe:Ge crystal in order to op
mize the energy exchange between the light waves.

Possibilities for optimizing the diffraction efficiency o
holograms recorded in cubic optically active piezocryst
were examined by Shepelevichet al.,7,8 who obtained the
experimental and theoretical dependence of the maxim
diffraction efficiency on the orientation angle.

The aim of the present study is to investigate the ma
mum diffraction efficiencyhm of a hologram as a function o
the BSO crystal thickness, to determine the influence of
optical activity and piezoelectric properties of the crystal
the behavior of this dependence, and also to find the cry
orientations which give the maximum diffraction efficienc

Let us assume that a noninclined transmission ho
graphic grating is recorded in a~1̄1̄0! cut crystal using a
standard two-wave mixing scheme9 and is read by a refer
ence waveR. In this case, the approach described in Refs
and 8 can be used to determine the orientation angleu5um

formed by the vectorK of the holographic grating to the
@001# crystallographic direction which gives the maximu
diffraction efficiency h5hm for a specific fixed azimuth
c05c0

m of a linearly polarized reference wave.
9701063-7850/98/24(12)/3/$15.00
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Figure 1 gives the dependencesum(d) for four cases.
Curve1 (u'53°) was obtained for a photorefractive cryst
which exhibits no piezoelectric effect or optical activit
Curve 2 (u'54°) allows for a piezoelectric effect~com-
bined with photoelasticity!, but no optical activity was taken
into account. Curve3 was plotted with allowance for the
optical activity of the crystal but neglecting the piezoelect
effect. Curve4 describes the case of a real BSO crystal
which all these effects appear simultaneously.

All the calculations were made for the followin
BSO crystal parameters:9 photoelastic constantsp1520.16,
p2520.13, p3520.12, p4520.015, electrooptic
coefficient r 41525.0310212mV, coefficients of elasticity
c1512.96310210N/m2, c252.99310210N/m2, c352.45
310210N/m2, refractive index n52.54, piezoelectric
coefficient e1451.12 C/m2, and specific rotation
a50.372 rad/mm. It is also assumed that the wavelength
the light used isl50.6328mm, the Bragg angle inside th

FIG. 1. Orientation angleum versus crystal thicknessd: 1 — neglecting the
piezeoelectric effect and optical activity,2 — allowing for the piezeoelectric
effect, 3 — allowing for optical activity, and4 — allowing for the piezo-
electric effect and the optical activity.
© 1998 American Institute of Physics
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FIG. 2. Dependence ofhm on the orientation angleu and
the crystal thicknessd: a — neglecting the piezoelectric
effect and the optical activity, b — allowing for the piezo-
electric effect, c — allowing for the optical activity, and d
— allowing for the piezoelectric effect and the optical a
tivity.
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crystal isw511°, and the amplitude of the grating electr
field is E50.5 kV/cm.

We can see that allowance for the piezoelectric eff
‘‘shifts’’ the value of um toward larger angles. Allowance fo
the optical activity leads to a sharp drop in the angleum as
the crystal thickness increases and at a certain critical th
ness (d'5.7 mm! um is zero ~point A) and remains un-
changed asd increases further. Allowance for both the op

FIG. 3. Orientation angleum versus crystal thicknessd: 1 — neglecting the
piezeoelectric effect and optical activity,2 — allowing for the piezeoelectric
effect, 3 — allowing for the optical activity, and4 — allowing for the
piezoelectric effect and the optical activity.
t

k-

cal activity and the piezoelectric effect causesum to decrease
with increasing thicknessd, but at point B (d'8 mm!,
which corresponds to rotation of the plane of polarizati
through 180°,um starts to increase again before decreasing
point C (d'16 mm!, which corresponds to rotation of th
plane of polarization through 360°, and so on.

Since the three-dimensional graphs of the maximum
fraction efficiency as a function of the angleu and crystal
thicknessd contain four ‘‘humps’’ of the same height, two o
which merge into one atd'5.7 mm~Fig. 2!, it is interesting
to plot the dependenceum(d) ~Fig. 3! for all four humps.

Note that similar curves can be plotted for values ofum

which correspond to the maxima relative to the intensity
one of the waves in the two-wave mixing. In this case,
lower and upper series of curves plotted in Fig. 3 will
observed. The two internal series of curves near the an
u5180° will correspond to minimum energy exchange fro
the R to theS wave.

It is easy to show that for small Bragg angles neglect
the piezoelectric effect, these results are the same as tho
Ref. 10, where curve1 corresponds to the@11̄1# direction
(u'55°).

To sum up, we have established that the depende
um(d) shows substantial qualitative changes under the in
ence of the piezoelectric effect and optical activity.

The authors are grateful to N. N. Egorov for useful d
cussions of the results.

We would like to thank the Ministry of Education of th
Republic of Belarus for supporting this work.
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Optical properties of an ‘‘anomalous’’ droplet
B. A. Bezugly , S. V. Shepelenok, and N. A. Ivanova

Tyumen State University
~Submitted June 29, 1998!
Pis’ma Zh. Tekh. Fiz.24, 61–64~December 26, 1998!

A varifocal self-centering microlens using light-induced concentration-capillary convection has
been developed for the first time. Measurements were made of the focal length as a
function of the control beam power. The rates of self-centering and shape rearrangement of the
microlens were estimated. ©1998 American Institute of Physics.@S1063-7850~98!02812-2#
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The idea of using liquids to construct optical eleme
with controllable characteristics goes back to Newton, w
suggested using the surface of mercury in a rotating c
tainer as a parabolic mirror. Such progress has now b
made in this field that liquid metal telescopes with a mir
diameter of 4 m are now operating successfully.1

In 1958, Block and Harwit2 suggested using th
thermocapillary-deformed free surface of a liquid as an
tical element. The phenomenon of self-focusing of la
radiation observed when an incident beam is reflec
from a thermocapillary deformed liquid layer was studied
Refs. 3–6.

Following the discovery of concentration-capillary co
vection induced by the thermal action of light in thin films
solutions of positively strain-active substances1! in highly
volatile solvents, it was suggested that the ‘‘anomalou
droplet5 formed as a result of this effect could be used a
varifocal liquid lens. Bezuglyi7 showed that a steady-sta
anomalous droplet could be achieved, and this was c
firmed experimentally8 using a mixture of acetone and
saturated solution of rhodamine G in water.

In the work reported here an anomalous droplet was
tained using a 7.3 g/l solution of iodine in 96% ethan
where the strain-active component was the water conta
in the ethanol. The experimental solution was pumped in
hermetically sealed cell, which was heated from above
prevent condensation of the vapor.

The control beam used to produce the droplet w
formed by an optical system consisting of a light sou
~HBO-100 mercury lamp!, a collector, a mirror, and a con
denser. The liquid lens and also the image of the objec
constructed by it were observed using a microscope.
optical beam powerP was varied between 48 and 200 m
by using neutral light filters.

At powersP,48 mW the centripetal flow of liquid al-
most ceased, the droplet, being no longer confined by
beam, escaped and dispersed.

The shape of the lens surface depended on the b
power. As the radiation power increased, the diameter
focal lengthf of the lens decreased due to reduction in
radius of curvature of the surface~caused by the increase
surface tension! and owing to the reduction in its volum
~caused by evaporation of the solvent!. However, as the
beam power decreased, the diameter of the lens and its
9731063-7850/98/24(12)/2/$15.00
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length f increased as a result of an inflow of solvent via t
substrate and an increase in the volume of the lens, and
because of the increased radius of curvature of its sur
~because of the lower surface tension!. The diameter of the
lens varied between 325 and 130mm when the powerP
increased from 48 to 200 mW, respectively.

Figure 1 givesf as a function of the beam powerP. The
focal lengthf was calculated using the formula

f 5d8a/~d81d!,

where a is the distance between the object~a control grid
with square cells! and the liquid microlens,d is the size~side
length! of the cell ~0.391 mm!, andd8 is the size of the cell
image constructed using the liquid microlens.

Note that this lens possesses self-centering proper
When the beam is displaced over a distance less than
diameter, the lens strives to occupy that position in the be
in which its optic axis passes through the point of maximu
beam intensity.

When the beam is displaced abruptly over an apprecia
distance~up to twice the beam diameter!, the lens becomes
distorted during the outflow process in such a way tha
pseudopod moves in the direction of the new position of
beam and is rapidly drawn into the beam, entraining the b
of the lens. This self-searching of the beam and return of
system to the working state may be called beam ‘‘trackin
~Fig. 2!.

The self-centering time was taken to be the time tak
for the droplet to move into the beam as a result of an
stantaneous displacement of the beam over a distance e

FIG. 1. Focal length of lens versus control beam power.
© 1998 American Institute of Physics
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to its diameter. This was found to be 1–5 s, with the mi
mum corresponding to a power of 200 mW and the ma
mum corresponding to 80 mW. The time taken for compl
rearrangement of the lens when the optical flux varied
tween 200 and 142 mW was 3–4 s and did not exceed
when this varied between 200 and 89 mW.

From these experimental results, we can conclude th
liquid microlens fabricated using an iodine : ethanol solut
has the following properties:

It has high rates of self-centering and shape rearran
ment when the control beam power is varied;

It has smaller dimensions than a liquid lens obtain
using a mixture of solutions of rhodamine G in water a
rhodamine G in acetone;6

FIG. 2. The light beam is displaced over a distance equal to its diamete~1!
and the droplet~2,3! moves in the direction of the new beam position~4!.
-
i-
e
-
s

a

e-

d

It can be used to fabricate an adaptive optical dev
whose parameters can be controlled by varying the con
beam intensity.

This work was supported by Grant No. 15-98 fro
Tyumen State University.

1!A positively strain-active substance is the less volatile component o
solution or mixture with whose increasing concentration the surf
tension of the liquid increases.
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Recording of high-energy cosmic rays by observation of the radio signal reflected
from the ionosphere

A. D. Filonenko

East Ukrainian State University, Lugansk
~Submitted August 19, 1997; resubmitted April 8, 1998!
Pis’ma Zh. Tekh. Fiz.24, 65–68~December 26, 1998!

Feasibility is shown for a method of detecting superhigh-energy (.1022 eV) cosmic rays on the
surface of Antarctica with an event rate acceptable for observation purposes. This situation
can be attributed to various favorable circumstances such as 1! the large area of the continent
(106– 107 km2); 2! the location of the vast majority of the ice cap at an altitude of
3–4 km; 3! the low level of atmospheric noise because this area is as far as possible from the
equatorial thunderstorm belt; and 4! the effective band of the radio pulse frequency
spectrum~0–7 MHz! not exceeding the highest frequencies used. Estimates of the electromagnetic
pulse intensity were made using previously published studies.1–6 © 1998 American
Institute of Physics.@S1063-7850~98!02912-7#
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The study of cosmic rays with energiesW0.1020 eV is
closely tied to the solution of various fundamental problem
although over the entire history of this research the num
of detected events with this energy scarcely exceeds ten.
is because of the extremely low intensity of the cosmic r
in this energy range~for W0>1020 eV there is approximately
one event per square kilometer per century!.

This scenario has naturally provided the impetus for
design of enormous detectors with working areas of m
than a thousand square kilometers, such as EAS-1000 o
Auger project with an area of 6000 km2 and costing around
100 million dollars. However, even these giants raise
energy ‘‘ceiling’’ only by an order of magnitude. It is there
fore appropriate to search for new methods of detec
superhigh-energy cosmic rays. One such method which
present author considers to be promising is the radio de
tion method, which is not related to the Earth’s magne
field. Estimates show1–4 that the electron–photon showe
produced by a high-energy cosmic particle generates a p
erful radio pulse with a broad spatial angular distributi
whose amplitude is mainly attributed to the coherent rad
tion from d-electrons in this shower. The minimum wav
lengthlmin of this coherent radiation should be at least tw
the path length of the electron–photon shower in the m
rial. It was also noted that particles having energies of
order of 1022– 1023 eV, passing through the surface of th
Moon, produce such a powerful radio pulse that this can
reliably detected using a radio telescope on Earth.5

Moreover, if the receiving antennas are positioned
artificial lunar satellites, it is possible not only to detect t
existence of 1020– 1023 eV cosmic particles but also to dete
mine their direction of incidence.6 However, it is advisable to
carry out preliminary experiments, without going into spa
as reported for example, in Ref. 5. There is also anot
possibility, which derives from the fact that the vast major
of the Antarctic ice cap is located at an altitude of arou
3.5 km above sea level. It is easily established that un
9751063-7850/98/24(12)/2/$15.00
,
er
his
s

e
e
the

e

g
he
c-
c

w-

-

e-
e

e

n

,
er

d
er

these conditions, the path covered by a vertical shower h
ing the initial energyW051022– 1023 eV in the atmosphere
is only around 18 t-units ~the complete atmosphere
28t-units from sea level! and the maximum of a shower o
this energy should be located at a depth of 35t-units, i.e.,
approximately 2 km below sea level~see Ref. 7, for ex-
ample!.

In other words, even an oblique shower only begins
develop at the surface of the ice (S'0.7) with the number of
particles at this stage being approximately an order of m
nitude lower than that at the maximum, but the effective p
of the shower~from the point of view of the number o
particles in it! will pass completely through the ice. Thes
estimates hold even when the angle of inclination of
shower is 30°. Elementary estimates also show that
shower path lengthLs over which its number of particles
varies severalfold is approximately 20t-units or Ls'7.5 m
for ice. Neglecting the closeness of the ice surface to
radiation source (h;l), the lengthL of an electromagnetic
pulse entering the atmosphere~for example, for a vertical
shower! will be given by L5Ls(A«2sin2a11), where
«'3 is the permittivity of ice,8 anda is the angle between
the direction of emission and the vertical, and for an aver
angle ofa545° we findL520 m. This implies that coher
ent reception can be accomplished at wavelengthslmin.2L
.40 m.

Since at frequencies of the order of a few megahertz
loss tangent for ice8 is tand'0.2, the refractive index

¸5@«/2~11tan2d!
1
221#

1
2

is approximately 0.18 and the wave amplitude decayse times
over the path lengthl>c/v¸'25 m. This is substantially
greater thanLs , so absorption of radiation in the ice can b
neglected over this path. The spatial diagram of this radia
is similar to a Hertz dipole diagram4 and thus waves will be
emitted with fairly high intensity at both low and high angle
to the horizon. This factor creates favorable conditions
© 1998 American Institute of Physics
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almost lossless detection of waves reflected from the io
sphere over almost the entire continent. The rest of the
diation will be absorbed by the ice~see above! and is of no
interest from the point of view of detecting the particles.

If an initial particle has the energyW0;1023eV, the
field of the electromagnetic pulse produced by an electro
photon shower at a distance of 1000 km will be arou
103 mcV/mMHz. This is an extremely high field strength an
for comparison it is sufficient to note that, according to d
given by several research groups,9 the experimentally de-
tected electric field strength of a radio pulse produced by
interaction between an extensive air shower and the Ea
magnetic field was only around 10 mcV/mMHz in the fr
quency range with the highest radiation intensity
(;30 MHz). When carrying out this type of experiment
which a radio signal reflected from the ionosphere is
tected, we need to bear in mind its state in this geograph
region and the predicted maximum frequencies usedlc .

The field strength of the radio signal from cosmic pa
ticles having energies of the orderW0>1022eV is ten times
lower at the same distance from the source. However, o
this area the total flux of cosmic rays having this energy
presumably more than 1.5–2 orders of magnitude gre
than that for the energy rangeW0;1023eV. This means tha
with almost no change in the frequency of events~relative to
W051023eV), the area to be monitored can be reduced
the same amount, which then necessitates detecting r
pulses whose radiation is directed at a substantially la
angle to the horizon. In this caselc is reduced, but even in
August,lc at these latitudes is 3–4 MHz, i.e., when the rad
wave is vertically incident on the ionosphere~see Ref. 10,
for instance!.

It should be noted in conclusion that the method of d
tecting ultrahigh-energy cosmic rays by detecting a radio
o-
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–
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nal reflected from the ionosphere has the same shortcom
as that using a radio telescope,5 i.e., it is impossible to de-
termine the direction of incidence of a cosmic particle b
cause of the uncontrollable rotation of the plane of polari
tion of the radiowave caused by its interaction with t
plasma in the Earth’s magnetic field. This shortcoming
caused by unstable conditions in the upper layers of the
mosphere and evidently cannot be compensated. Howe
both these methods can give some idea of the energy s
trum of the cosmic rays in this energy range, which is n
only useful information in itself but is also required to pla
experiments for the detection of superhigh-energy cos
rays.
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Increasing in the rate constant for dissociative attachment of electrons to hydrogen
molecules by vibrational pumping during flow in a channel

F. G. Baksht and V. G. Ivanov
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An investigation is made of the electron–vibrational kinetics in a stream of vibrationally excited
hydrogen flowing in a channel. It is shown that for suitably organized flow and a suitable
choice of material for the channel walls, the rate constant^KDA& for dissociative attachment of
electrons to hydrogen molecules may be increased substantially. The effect is controlled
by the mean vibrational energy^Ev

(0)& of the H2 molecules entering the channel.
© 1998 American Institute of Physics.@S1063-7850~98!03012-2#
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1. It has been shown1 that the rate constant for dissoci
tive attachment̂ KDA8 &5(v f v8Kv(Te8) can be increased sub
stantially by additional vibrational pumping of H2 molecules
in a hydrogen stream flowing in a channel whose walls ar
room temperatureT and are made of a material with a hig
potential barrier for adsorption of H2. Here f v8 is the vibra-
tional distribution function of the H2 molecules at the chan
nel exit normalized to unity,Kv(Te8) is the rate constant fo
dissociative attachment of an electron to a molecule exc
to levelv ~Refs. 2 and 3!, andTe8 is the electron temperatur
in the chamber into which vibrationally pumped hydrog
flows from the channel. It is assumed that the initial vib
tional excitation of H2 takes place in a low-voltage Cs–H2

discharge. The parameters of this discharge plasma h
been determined fairly accurately theoretically.4 The channel
walls are assumed to be the face of a Cu~111! single crystal
for which the probabilities of adsorption5 and desorption6–8

of H2 molecules from the surface have been thoroughly st
ied. Unlike Ref. 1, the calculations were made assumin
finite coverageQ of the channel walls by adsorbed H atom

2. The distribution of the concentrationsNH2
andNH of

molecular and atomic hydrogen over the channel length
the vibrational distribution functionf v of H2 molecules in
the channel are determined from Eqs.~2!–~4! and ~6! in
Ref. 1, where the losses of vibrationally excited a
atomic hydrogen to the walls are expressed byNv /tv
andNH /tH . HereNv are the concentrations of vibrational
excited molecules in the channel;

tv5
L2

p2Dsd

1
L

vH2

22gv

gv
, ~1!

tH5
L2

p2D12

1
L

vH

22gH

gH
~2!

are the effective particle lifetimes,1,9 Dsd and D12 are the
coefficients of self-diffusion of H2 molecules and H atoms in
H2 molecules, respectively;

gv~Q!5wv~T!~12Q!2, ~3!
9771063-7850/98/24(12)/3/$15.00
at

d

-

ve

-
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d

gH~Q!5wH~T! ~12Q!1sER
~eff! sHQ ~4!

are the fractions of molecules excited to levelv and atoms,
respectively, which are lost at the surface of the chan
walls, as a function of the total number of particles incide
on the surface,6,7,10,11wv(T) andwH(T) are the probabilities
of attachment of an H2 molecule5 excited to levelv and an H
atom to the Cu~111! surface at the gas temperatureT in the
channel,sH>1.53105 cm22 is the density of sorption cen
ters at the Cu~111! surface,12 andsER

(eff)>5 Ȧ2 is the effective
cross section for surface recombination by the Eley–Rid
mechanism.6,7 It was assumed that atT>300 K the probabil-
ity is wH>1 ~see Ref. 13!. The value ofsER

(eff) used is the
result of an analysis of the experimental data12 made in Ref.
7. For these values ofwH andsER

(eff) , we havegH(Q);1 and
tH>L2/p2D12, i.e., tH is almost independent ofgH(Q)
andwH .

According to Cacciatore and Billing,5 wv and 1/tv are
only nonzero forv>5. In contrast, desorption of vibra
tionally excited H2 molecules from the walls by the Eley–
Rideal~ER! mechanism6 and by the Langmuir–Hinshelwoo
~LH! mechanism8 takes place in the range of vibration
numbers 1<v<4 ~for LH desorption the vibrational distri-
bution function is determined from the principle of detaile
equilibrium!. As a result of the comparatively high popula
tions Nv and frequent transitions tov<4 lower levels, de-
sorption of vibrationally excited molecules from the wa
has little influence on the vibrational distribution function
the channel. This influence was taken into account appr
mately by assuming that the desorbed molecules are
formly distributed over the channel widthL. The coverageQ
was determined from

F2(
v

Nv /tv~Q!1NH /tHGL
52L ~NH /tH! sER

~eff!sHQ/gH~Q!12dLHQ2. ~5!

The left-hand side of Eq.~5! gives the number of H atom
adsorbed per unit time on the walls per unit channel leng
The right-hand side gives twice the number of H2 molecules
© 1998 American Institute of Physics



ha
-

n
t

n

d
el

e
ta

em

s
n

n-

la-

e
te

nts

s

nts

or.

te
, we
.
16

o

ibr

pera-

978 Tech. Phys. Lett. 24 (12), December 1998 F. G. Baksht and V. G. Ivanov
desorbed from both channel walls by the ER and LH mec
nisms. The rate constantsdLH for LH desorption were deter
mined using experimental data.8

3. Figure 1 shows the vibrational distribution functio
f v

(0) of H2 molecules in the discharge, i.e., at the entrance
the channel~curves1–3! and the corresponding distributio
functions f v8 at the channel exit~curves18–38). HereNH2

(0) ,

NH
(0) , NCs

(0) , T0, and j s are the concentrations of H2, and H,
the total Cs concentration, the gas temperature in the
charge, and the emission current density, respectiv
Curves1–3 are plotted for different discharge voltagesU
5w12w2 and therefore different electron temperaturesTe

and average vibrational energies^Ev
(0)& of the H2 molecules.1

The channel lengthh was approximately optimum for th
largest increase in the dissociative attachment cons

^KDA&. Significantly, we findh@Vt̄v , wheret̄v is the char-
acteristic vibrational deexcitation time of the levels andV is
the hydrodynamic velocity in the channel. Thus, the syst
of equations~4! in Ref. 1 which is used to findNv contains
small parameters before the derivatives. This has the re
that f v8 does not depend on the initial vibrational distributio

FIG. 1. Vibrational distribution functions of H2 molecules at the entrance t
the channelf v

(0) ~1–3! and at the channel exitf v8 ~18–38): 1B and 18B —
Boltzmann distribution at the channel entrance and corresponding v
tional distribution at channel exitL50.3 cm, h53 cm, T50.03 eV. Dis-
charge parameters:NH2

(0)51016 cm23, NCs
(0)51014 cm23, T050.06 eV,

j s510 A/cm2: 1 — Te50.53 eV, ^Ev
(0)&50.303 eV, ne55.831013 cm23,

w153.01 V, w251.09 V, NH
(0)54.031013 cm23; 2 — Te50.75 eV, ^Ev

(0)&
50.411 eV, ne57.2531013 cm23, w156.13 V, w252.04 V, NH

(0)51.85
31014 cm23; 3 — Te51.0 eV, ^Ev

(0)&50.496 eV, ne58.831013 cm23,
w158.96 V, w252.91 V, NH

(0)53.4331014 cm23.
-

o

is-
y.

nt

ult

function f v
(0) and is determined only by the vibrational e

ergy ^Ev
(0)& at the entrance to the channel~see Ref. 14!. In

order to demonstrate this, Fig. 1 gives the result of calcu
tions in which the initial vibrational distribution functionf v

(0)

is replaced by a truncated Boltzmann distribution for 0<v
<4 ~curve 1B! with the same vibrational energŷEv

(0)& as
for f v

(0) ~curve1!. The vibrational distribution obtained at th
channel exit~curve18B! is almost the same as the accura
calculated curve18.

Figure 2 gives the dissociative attachment consta
^KDA

(0)&5(v f v
(0)Kv(Te8) ~curves 1–3!, corresponding to the

initial distribution functionf v
(0) , and the constantŝKDA8 & at

the channel exit~curves18–38). It can be seen that^KDA8 & is
significantly higher than̂KDA

(0)&. Allowance for a finite value
of Q has the result that the ratiôKDA8 &/^KDA

(0)& is substan-
tially higher than that obtained in Ref. 1. From this it follow
that f v8 and^KDA8 & only depend on̂Ev

(0)&. This is significant
because in view of the lack of reliable data on the consta
of interlevel transitions for largev, the populationsNv

(0) of
the H2 upper levels may be determined with some err
However, the vibrational energŷEv

(0)& concentrated in the
lower levels is determined fairly reliably. In order to estima
the dependence of the results on the calculated constants
used the constants forv –t exchange with H atoms from Ref
15 ~unlike the previous calculations, where data from Ref.
were used!. This produced a substantial increase inNv

(0) for

a-

FIG. 2. Rate constants for dissociative attachment versus electron tem
tureTe8 in chamber:1–3 — ^KDA

(0)&; 18–38 — ^KDA8 &; 18B — value of^KDA8 &
at channel exit corresponding to the initial Boltzmann distribution1B in
Fig. 1. The discharge parameters are the same as in Fig. 1.
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largev, but barely influenced̂Ev
(0)& and ^KDA8 &, nor ^KDA

(0)&
~only the values off v

(0) for v<7–8 are important for the
calculations of̂ KDA

(0)&).
Thus, we have shown that the rate constant for disso

tive attachment̂ KDA& can be increased substantially with
suitably organized flow of vibrationally excited hydrogen
the channel.

The authors would like to thank S. M. Shkol’nik fo
useful discussions.
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Drag and heat exchange of an object in a supersonic flow with a planar source
of energy in front of the object

G. A. Luk’yanov
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The problem of a steady-state wake behind an energy source in a supersonic gas flow is
analyzed and solved. The energy source is a planar gasdynamic discontinuity supplying a given
energy to the flow. The parameters behind the source correspond to the weak detonation
regime~supersonic combustion!. The solution obtained is used to investigate the drag and heat
exchange of an object in the wake behind the source. It is shown that the drag and thermal
loads of the object may be reduced appreciably when the Mach numbers of the incoming flow are
fairly high. An investigation was made of the energy efficiency of this method of reducing
the drag and thermal loads of an object. The conditions under which this method is energetically
favorable are determined. ©1998 American Institute of Physics.@S1063-7850~98!03112-7#
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Recent years have seen the publication of various stu
devoted to the mathematical modeling and experimental
vestigation of the flow of a supersonic stream around obje
when a bulk energy source is located in front of t
object.1–5 It has been shown that under certain conditio
~Mach numbersM` , shape of object, energy source para
eters, and so on! supplying energy to a supersonic flow ahe
of an object can substantially reduce~by up to a factor of 2!
the aerodynamic drag of the object. The formation of a th
mal wake behind the energy source with a reduced dyna
pressure compared with the unperturbed flow is the mec
nism responsible for reducing the drag.

In some of the cases considered in Refs. 1–3, the t
energy dissipated per unit time in the horizontal motion
the object at constant velocityu` , equal toNi1Fiu` (Ni is
the power of the energy source andFi is the drag of the
object whenNi.0) is lower than the similar valueF0u`

required for motion of the object whenNi50.
The results of Refs. 1–5 indicate that research in t

new field of physical gasdynamics holds great promise, p
sibly laying the foundations for the aerophysics of fund
mentally new supersonic aircraft using the principle of en
getic action on the incoming gas flow. However, our level
understanding of this problem is far from adequate. Exist
results are fairly special and there is no general underst
ing of the pattern of interaction between a supersonic fl
and an energy source or of the flow behind the source.
potential scope for energetic action on a flow over a w
range of determining parameters~Mach numbersM , input
energy parameters, and so on! as a method of reducing th
drag and thermal loads of an object in a supersonic flow
also by no means clear. This state of affairs arises from
present lack of any suitable theoretical foundation. The
velopment of such a foundation is a matter for immedi
action. The present study is a step in this direction. T
results described below are presented in greater detail in
6.
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The flow pattern studied is shown in Fig. 1a. A region
energy release having the transverse dimension 2b and a
short downstream length is positioned in front of an objec
a steady-state supersonic flow. Neglecting the flow struc
inside the thin layer, we consider a planar gasdynamic
continuity (x50, uyu<b) supplying a given energy to th
gas flowing through the discontinuity as the model ene
source. These steady-state flow regimes correspond to w
detonation.7

The parameters behind the planar energy source are
termined from the mass, momentum, and energy conse
tion laws, supplemented by the equation of state

r iui5r`u` , ~1!

pi1r iui
25p`1r`u`

2 , ~2!

r iui S ui
2

2
1cpTi D 5r`u`S u`

2

2
1cpT`D 1r`u`q, ~3!

p5rRT. ~4!

Herer is the gas density,p is the pressure,T is the tempera-
ture,u is the velocity,R is the gas constant,cp is the specific
heat,q is the energy supplied to the energy source per u
mass of gas per unit time, and the subscripts` andi refer to
the parameters in front of and behind the source, resp
tively.

The solution of the system of equations~1!–~4! for the
weak detonation regime~see Ref. 7 for example! has the
form

l i5
1

2~11b!1/2H l`1
1

l`
1F S l`2

1

l`
D 2

24b G1/2J , ~5!

¸ i5r i /r`5l` /l i~11b!1/2, ~6!

t i5Ti /T`5b~12l i
2/e!/~12l`

2 /e!, ~7!

ni5pi /p`5r iTi /r`T` . ~8!
© 1998 American Institute of Physics
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FIG. 1. a — Flow pattern in the wake behind a plan
energy source in a supersonic flow and b — change in the
dynamic pressurepD along the axis of the wake.
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Herel5u/u* is the coefficient of velocity,u* is the critical
velocity, b5q/cpT0` is the heating parameter,T0` is the
initial temperature of the incoming flow,e5(g11)/(g
21), andg is the ratio of the specific heats.

The limiting value ofb at which thermal crisis occur
and subsequent steady-state heat transfer is impossible
responds tol i51 and is given by

b* ~M !`5~M`
2 21!2/2~g11!S 11

g21

2
M`

2 D . ~9!

The corresponding limiting values of¸ i ,t i , andni are given
by

¸* 5Fg11

2
M`

2 S 11
g21

2
M`

2 D G1/2Y ~11b* !1/2, ~10!

t* 52~11b* !S 11
g21

2
M`

2 D Y ~g11!, ~11!

n* 5Fg11

2
M`

2 Y S 11
g21

2
M`

2 D ~11b!G1/2

. ~12!

For M`@1 Eqs.~10!–~12! take the form

¸* .~g11!/g, t* .g2M`
2 /~g11!2,

n* .gM`
2 /~g11!. ~13!

In our particular problem, the wake behind the plan
energy source is a supersonic underexpanded jet in an
companying supersonic flow~Fig. 1a!. This type of flow was
investigated in fairly great detail in Refs. 8 and 9. Heating
the gas in the energy source leads to a rise in pressure
subsequent expansion of the gas. In the wake behind
source five surfaces of strong discontinuity are formed wh
position is determined by the flow structure. The stream
heated gas is separated from the stream of cold gas flow
past the source by a tangential discontinuityi . The surfacee
is the bow shock wave while the surfacess, f , andm are the
or-

r
ac-

f
nd
he
e
f

ng

suspended, reflected, and central shock waves, respecti
These surfaces of discontinuity separate the regions of
expansion1, the compressed layer of the jet2, and the com-
pressed layer of the outer stream3.

The flow pattern is qualitatively the same in the tw
dimensional and axisymmetric variants. The flow parame
in the wake~including the flow geometry! using the model of
a nonviscous ideal gas are determined by the Mach num
M` andMi ,g, andni . In the region of free expansion, rapi
expansion of the heated gas is accompanied by a rapid
in the dynamic pressurepD5ru2/2 ~Fig. 1b!. In this case,pD

in the region of free expansion is considerably lower thanpD

in the incoming stream. This is the main factor in the mec
nism responsible for reducing the drag of an object in
wake behind this type of energy source.

From data obtained8 by generalizing numerical analyse
of nonviscous axisymmetric jets in an accompanying sup
sonic stream forn@1 andg51.4, the longitudinal and trans
verse dimensions of the region of free expansion are appr
mately

xs /b.0.5MiAn, ys /b.MiAn/M` . ~14!

For two-dimensional flow we have

xs /b;Min, ys /b;Min/M` . ~15!

The drag of an object moving in the region of free e
pansion of the wake is given by

F15Cx1

r1u1
2

2
S, ~16!

whereCx1 is the drag coefficient,r1 andu1 are the density
and velocity of the gas in front of the object in the region
free expansion, andS is the area of the midsection of th
object. In order to estimate the efficiency with which th
drag of an object is reduced in this flow scheme, we int
duce the parameter
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v5F1 /F05~Cx1 /Cx`!~r1u1
2/r`u`

2 !. ~17!

The ratio for the total heat flows to the object similar
~17! is

m5~CH1
/CH`!~r1u1

3/r`u`
3 !, ~18!

whereCH is the coefficient of heat transfer. The minimu
values ofv andm are achieved at the end of the region
free expansion. ForCx15Cx` , CH15CH` , M`@1, and
M1@1 the limiting ~lowest! values ofv andm are approxi-
mately

vm.¸* ~11b* !/n* 5~g11!2/M`
2 , ~19!

mm.vmg/~g221!1/25g~g11!2/~g221!1/2M`
2 . ~20!

Figure 2 plotsv and m as functions of the heating
parameterb for M`510, g51.4, Cx15Cx` , and CH1

5CH` . The limiting values ofv andm are 0.06 and 0.085
respectively. The estimates ofv given in Fig. 2 are con-
firmed by the calculated results6 for axisymmetric flow.

We shall estimate the efficiency of using this type
energy source as a means of reducing the drag, using
parameters6

FIG. 2. Dependences ofv, m, K, and C on the heating parameterb for
M`510 andg51.4.
f
he

K5~N02N1!/Ni , C5~N11Ni !/N0 , ~21!

whereNi5r`u`cpSi(T0i2T0`), N05F0u` ,N15F1u` .
Using formula ~17! we can transform the expression

~21! to give

K5Cx`

g21

2

M`
2

11~g21!M`
2 /2

S

Sib
~12v!, ~22!

C5v1
2

Cx`
~g21!

11~g21!M`
2 /2

M`
2

S1b

S
. ~23!

By way of example, Fig. 2 givesK andC as a function ofb
for M`510,g51.4,Cx15Cx`51, andS5Si . For smallb,
highly energy-efficient regimes are achieved, correspond
to K@1. However, the reduction in the drag is relative
small. As b increases, the value ofK decreases monotoni
cally. The total energy dissipated in the motion of the obj
has a minimum at moderate values ofb which for M`510
correspond to values ofv and m of the order of 0.2–0.3.
Estimates ofK and C were obtained forCx15Cx`51. At
significantly lower values ofCx the scope for achieving en
ergetically favorable regimes of motion is reduced apprec
bly. The fundamental possibility of reducing the total the
mal loads on an object at high Mach numbersM` is of major
interest in its own right. The thermal aspect of the proble
requires more detailed analysis.
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Characteristics of series-connected chains of YBaCuO Josephson junctions
on a bicrystal substrate

A. A. Verevkin, V. A. Il’in, A. P. Lipatov, D. V. Meledin, and A. A. Naumov

Moscow State Pedagogical University
~Submitted May 8, 1998!
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An investigation was made of the electrophysical characteristics of chains of high-temperature
superconducting Josephson junctions on a bicrystal substrate. Their interaction with
millimeter radiation was also studied. It was shown that these chains can be used to detect
millimeter and submillimeter radiation. ©1998 American Institute of Physics.
@S1063-7850~98!03212-1#
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It is known1,2 that the use of series-connected chains
Josephson junctions in low-noise broad-band detectors
electromagnetic radiation can overcome may of the diffic
ties encountered when single Josephson junctions are
for this purpose. Using chains of Josephson junctions
creases the dynamic range of the devicesN times, whereN is
the number of junctions in the chain,2 and the resistances o
the nonlinear elements can be optimized from the poin
view of achieving the highest degree of matching. In ad
tion, structures with higher critical currents can be used
chain systems than with single junctions with the same re
tance and thus the former are more stable to current o
loads.

These advantages have stimulated the developmen
chains of Josephson junctions using low-temperature su
conductors specially designed for use in microwa
devices.2–4 They have been used to produce receiving e
ments with highly stable and reproducible parameters an
fabricate Josephson radiometers with almost optimal m
mum fluctuation sensitivity over a large dynamic range.3 The
main limitation is the technological feasibility of fabricatin
chains containing separate junctions with identical or at le
similar characteristics.

To date, the Josephson junctions with the most reprod
ible parameters among the high-temperature supercondu
have been fabricated from films of YBaCuO deposited
bicrystal substrates.5,6 Strontium titanate and other high
permittivity materials have conventionally been used for t
purpose, which has limited their application in microwa
devices.

At present, among the high-temperature supercond
ors, films of YBaCuO deposited on bicrystal substrates h
been used to fabricate Josephson junctions with the m
reproducible parameters.5,6 Strontium titanate and othe
high-permittivity materials have conventionally been us
for this purpose, which has limited their application in m
crowave devices.

The aim of the present study is to determine the elec
physical characteristics of chains of YBaCuO Joseph
junctions fabricated on bicrystal ZrO2 substrates and to in
vestigate the characteristics of their interaction with mic
9831063-7850/98/24(12)/3/$15.00
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wave radiation in the short-wavelength part of the millime
range.

The chains were fabricated using YBaCuO film
;200 nm thick, deposited by magnetron sputtering on b
rystal substrates of yttrium-stabilized ZrO2 («'28 at T
577 K! with the crystallographic axes misoriented by 32
Junctions in the form of bridges 2–6mm wide were formed
at the bicrystal boundary by wet photolithography. T
chains contain 3–11 series-connected bridges. The Jos
son junctions are matched with the incident radiation
means of planar butterfly antennae.7 For comparison we also
investigated single Josephson junctions made in the s
fabrication cycle as the chains of junctions. The single ju
tions had normal resistancesRn 5 2.5–5V and critical cur-
rentsI c 5 5–35mA at T577 K and 10–120mA at T510 K.
The normal resistances of the chains varied in the range 8
15V and the critical currents were 10–35mA and 50–92
mA at 77 K and 10 K, respectively. The fabrication techno
ogy produced chains of Josephson junctions for which
spread of the critical currents of the individual junctions w
less than 5%.

For the measurements in the millimeter waveleng
range, the substrate with the structures was placed in
detector chamber so that the radiation was incident on ei
the side of the superconducting structure or on the subs
side. The investigations were carried out at temperature
the range 6–89 K. The radiation frequency varied betwe
128 and 145 GHz and its power measured at the exit from
detector chamber was 1028–1025 W.

Figure 1 gives the results of investigations of a sing
Josephson junction with a critical current of 120mA and
normal resistance of 3V. Curve1 gives the current–voltage
characteristic obtained atT514 K when radiation at a fre-
quency of 135 GHz was incident on the junction from t
structure side. The characteristic shows Shapiro current s
whose exact position can be determined from the dep
dence of the differential resistance of the junction on its b
voltageRd(V), which is also plotted~curve2!. Four steps are
clearly visible at bias voltages below 1.1 mV. Note that t
characteristic voltage (Vc5I cRn) for this junction is 530
mV. When the radiation was incident from the substrate si
© 1998 American Institute of Physics
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its current–voltage characteristic andRd(V) clearly show
nine steps at voltages below 2.5 mV~see curves3 and 4 in
Fig. 1!. The response of a single junction to microwave
diation incident on the structure side and on the subst
side is given by curves5 and6 in Fig. 1, respectively.

Figure 2 gives the results of similar investigations
chains of three Josephson junctions withRn59.5V and
I c560mA, obtained atT520 K. The radiation frequency
was 131.5 GHz. When the radiation was incident on
structure side, the current–voltage characteristic and
Rd(V) curves reveal six steps at bias voltages below 4
~curves1 and2, respectively!. When the radiation was inci
dent on the substrate side, these curves exhibit 17 Sha
steps up to 14 mV~curves3 and4!. Curves5 and6 give the
response of a chain of Josephson junctions measured fo
same orientation of the substrate relative to the incident
diation as in Fig. 1 for a single junction.

Thus, the response to the radiation and the numbe
Shapiro steps for radiation incident on the substrate sid
substantially~between four and ten times! higher than that
for radiation incident on the structure side. This result is
direct consequence of the asymmetry of the angular distr
tion of a planar antenna formed on a thin dielectric subst
with high « ~Ref. 7!.

The results plotted in Figs. 1 and 2 can be used to e
mate the voltage–power sensitivityh of a detector using a

FIG. 1. Current–voltage characteristics of a single Josephson junction
posed to microwave power on the structure side~1! and on the substrate sid
~3!, and dependences of the differential resistance~2! and ~4! and the re-
sponse~5! and~6! on the junction voltage measured under the same co
tions.
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chain of Josephson junctions or a single junction as the n
linear element. This sensitivity is 60 and 18 V/W respe
tively at T;20 K; at T;60 K h decreased by a factor o
1.5–2. Thus, the sensitivityh for a chain of Josephson junc
tions is substantially higher than that for a single junctio
This is evidently because the normal resistance of the ch
is three times higher than that of a single junction, whi
improves the matching of the element with the microwa
radiation approximately threefold.

Although the spacing between the steps on the curre
voltage characteristic is three times greater for the chain t
for the single junction, in the first case there are 1.5–2 tim
more steps than in the second. This effect can be attribute
the partial synchronization of the contacts observed un
the action of external monochromatic radiation, and its int
action with the Josephson self-radiation in a resonant e
trodynamic system such as the detector chamber with an
serted Josephson junction or chain of junctions.8–10

The shape and behavior of the current–voltage cha
teristics in an electromagnetic field and also the depende
of the step height on the microwave power are accura
described using a resistive model.2 However, the dependenc
of the microwave response on the voltage for a chain
Josephson junctions measured under the same condition
a number of notable features. Of particular note is that
addition to the usual Josephson response observed at

x-

i-

FIG. 2. Current–voltage characteristics of a chain of Josephson junct
exposed to microwave power on the structure side~1! and on the substrate
side ~3!, and dependences of the differential resistance~2! and ~4! and the
response~5! and~6! on the junction voltage measured under the same c
ditions.
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bias voltages,5 mV, a negative response component is a
observed at bias voltages above 8 mV. This is caused by
increased quasiparticle conduction of the junctions a
result of photostimulation of inelastic resonant tunneli
via a finite number of trapped states.11 A similar effect was
observed for single Josephson junctions on a bicry
substrate.12,13

The parameters of these response components differ
stantially. For example, at a radiation power of;1027 W the
voltage–power sensitivity of a detector comprising a ch
of Josephson junctions was 60 V/W in the range of bias v
ages where the Josephson response predominates and
5 V/W in the range where the response caused by the qu
particle conduction predominates. The Josephson resp
component has no structure attributable to a difference
tween the critical currents of the separate junctions in
chain, which also indicates that the characteristics of the
dividual junctions in the chain are similar. However, t
curve describing the quasiparticle response is jagged, w
suggests a strong dependence on the parameters of the
tions in the chain~this structure cannot be identified o
curve5 in Fig. 2 because of the small scale!.

A comparison between the experimental values of
response of single YBaCuO Josephson junctions and ch
of these junctions suggests that the voltage–power sensit
of the chains is several times higher and they have a la
dynamic range which makes them easier to use in millime
and submillimeter wavelength detectors. This property
be attributed to their better matching with the microwa
channel. Further prospects for improving the technology
chains of YBaCuO Josephson junctions could involve us
o
he
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bicrystal substrates with natural faces for which the sprea
the parameters of individual junctions is substantia
smaller.14
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Photoluminescence of n-GaN: influence of chemical treatment of the surface using
sulfide solutions

Yu. V. Zhilyaev, M. E. Kompan, E. V. Konenkova, A. S. Mokeev,
and S. D. Raevski 
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Results are presented of the photoluminescence ofn-GaN (T5300 K) after chemical treatment
of the surface using solutions of inorganic sulfides (Na2S and~NH4)2S) in water or
isopropanol. It is shown that the maximum intensity of the photoluminescence spectrum of
n-GaN increases after chemical treatment of the surface using alcohol solutions of sulfides and this
increase is greater for solutions of the strong-base sulfide Na2S compared with the weak-
base sulfide (NH4)2S. © 1998 American Institute of Physics.@S1063-7850~98!03312-6#
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The development of ultraviolet semiconductor optoel
tronics has necessitated the development of methods of
paring III–V nitrides as well as methods of treating the
surfaces. The chemical treatment of III–V nitrides includ
dry etching1,2 and etching from NaOH~Ref. 3! or KOH
solutions.4

Recent publications have reported theoretical5 and ex-
perimental investigations of the electronic properties o
GaN surface treated at high temperature (1000°C)
vacuum.6 Studies of the electronic properties of the surfa
of III–V semiconductors are primarily aimed at reducing t
surface recombination velocity and enhancing the photo
minescence quantum efficiency, among other factors.
electronic properties of the surface have been success
modified using solutions of Na2S and~NH4)2S sulfides in
water7 or alcohols.8

Here we attempt to use technology for passivating
surface with alcohol solutions of sulfides to enhance the e
tronic properties, especially to improve the photolumin
cence intensity of ann-GaN surface.

The investigations were carried out usingn-GaN layers
(n5531018cm23) 400–600mm thick grown on a sapphire
substrate by chloride gas-transport epitaxy.9 During the epi-
taxial growth process the layers were separated from the
strate.
9861063-7850/98/24(12)/2/$15.00
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The chemical treatment of the GaN surface involved i
mersing the semiconductor for 1 min at room temperature
the following solutions: a 10% aqueous solution of (NH4)2S,
a 1% solution of~NH4)2S in isopropanol (i -C3H7OH), or a
saturated Na2S solution in isopropanol.

Photoluminescence was excited by a pulsed nitrogen
ser (l5337 nm, I 520 W) and was recorded at room tem
perature. The experimental technique was similar to that
scribed by Kompan and Shabanov.10

The following experimental results were obtained. T
photoluminescence intensity ofn-GaN increases after sulfid
treatment of the surface using an isopropanol-based solu
~see Fig. 1! and remains almost constant after treatment w
aqueous sulfide solutions. The most significant increase
intensity ~by a factor of 1.4! compared with that of the un
treatedn-GaN is observed for a saturated solution of Na2S in
isopropanol. The full-width at half-maximum of the edg
line of the n-GaN photoluminescence spectrum increa
negligibly after chemical treatment using an alcohol solut
because of the increased intensity of the long-wavelen
edge of this line~see Fig. 1!.

The increase in the photoluminescence intensity of G
after chemical treatment using isopropanol-based sulfide
lutions can be explained in terms of model concepts of
chemical processes accompanying the sulfide passivatio
nt

i-
of
FIG. 1. Photoluminescence spectra ofn-GaN after
sulfide treatment of the surface using three differe
solutions: a 10% aqueous solution of~NH4)2S, a 1%
solution of ~NH4)2S in isopropanol (i -C3H7OH),
and a saturated solution of Na2S in isopropanol
( i -C3H7OH). The spectra are normalized to the max
mum intensity of the photoluminescence spectrum
the untreatedn-GaN.
© 1998 American Institute of Physics
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a GaAs surface.11 We know that sodium sulfide is the salt o
a strong base and a weak acid, whereas ammonium sulfi
the salt of a weak base and a weak acid, so that du
chemical treatment in alcohol solutions of sodium sulfid
the rate of the chemical reaction with the GaN surface sho
naturally be higher than the rate of the chemical reaction
treatment with alcohol solutions of ammonium sulfide.
decisive factor for improving the electronic properties of t
surface during the chemical treatment of III–V semicond
tors~GaAs! is the chemical reaction rate,11 and we can there
fore postulate that this also applies to III–V nitrides. Thu
since the chemical reaction rate for aqueous solutions of
monium sulfide is the lowest among the solutions used,
efficiency of the chemical treatment of the GaN surface
very low in this case~see Table I!.

A comparison between the GaN photoluminescence
tensity obtained here and the GaAs photoluminescence in
sity quoted by Bessolovet al.12 after chemical treatment o
the surface using solutions of strong-base salts (Na2S) and
weak-base salts ((NH4)2S) indicates that the degree of in
crease in the photoluminescence intensity for both semic

TABLE I. Experimental values of the intensity (I ) and the full-width at
half-maximum (d) of the photoluminescence spectrum for GaN and GaA12

after various chemical treatments using sulfide solutions.

GaN GaAs
(n5531018 cm23) (n5131018 cm23) ~Ref. 12!

Chemical solution I , a.u. d, eV I , a.u.

Untreated 1.0 0.17 1.0
~NH4)2S1H2O 1.0 0.17 1.5
(NH4)2S1 i -C3H7OH 1.16 0.20 1.7
Na2S1 i -C3H7OH 1.4 0.20 2.3
is
g
,
ld
r

-

,
-

e
s

-
n-

n-

ductors shows good agreement with the model concepts11

To sum up, chemical treatment of the surface ofn-GaN
using isopropanol solutions of sulfides causes a reductio
the surface state density similar to that observed when G
is annealed at 1000 °C and the surface bombarded
nitrogen ions.6
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stimulating this work and V. M. Botnaryuk for assistan
with the GaN epitaxy.
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