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It is shown that the brittle—plastic transition temperature in zinc is reduced appre(ialdyms
of internal friction and microhardnesas a result of magnetic treatment. 897 American
Institute of Physicg.S1063-785(07)00502-§

The problem of reducing the brittle—plastic transition structure defects exposed to a field, existing impurity-defect
temperatureT,) is a key issue in the physics of strength andcomplexes are destroyed and new ones are formed, altering
plasticity, and in physical metallurgy. This temperature carnthe physicomechanical properties of the material. It was
be reduced by altering the structure of the impurity-defecshown in Ref. 5 that these impurity-defect complexes include
complexes by various methods such as alloying, heat treatlislocations interacting with impurity atoms. This reasoning
ment, and hydrostatic pressure. It is interesting to use treasuggests that treatment of materials possessing a brittle—
ment with weak magnetic field pulses for this purpose. Theplastic transition with a magnetic field may alter the nature
feasibility of this effect and the formulation of the problem of the interaction between the dislocations and the impurity
are based on the following reasoning. atoms, and thus altefr,, .

According to existing concepts? the dislocation struc- We used a method of measuring the amplitude-
ture of brittle materials becomes highly mobile when thedependent internal friction and the microhardness,)(
materials heated nedr,. It is hypothesizetithat this effect since, as follows from Refs. 6 and 7, the low-frequency fric-
is caused by a change in the nature of the interaction betwedion and the microhardness, are liable to change nedr,
dislocations and impurity atoms which are positioned at disin polycrystalline zinc. Therefore the problem was to com-
locations and block their movement. The feasibility of alter-pare the temperature dependences of the friction and the mi-
ing the structure of a material by suitable treatment has theresrohardnessl,, in the range 20—80 °C before and after treat-
fore attracted attention. It is assufieblat when materials in ment of the zinc.

a nonequilibrium metastable state that contain crystal- The samples were rectangular parallelepipeds
(3% 3x60 mm prepared by mechanical machining of a cast
ingot. They had a coarse-grained structure with an average
grain size of 20Qum. The samples were investigated both in

101 their initial state and after annealing at 200 °C for 1.5 h.
The internal friction was measured with an inverted tor-
8 sion pendulum(frequency around 1 Hzat two different
6l strain amplitudes, 410 ° and 9.2<10°, which caused the
dislocations to become detached from their points of pinning.
The material was heated at a rate of 0.5 and 1 K/min and the
o | field treatment was carried out with a commercial OIMP-101
'S & system. The microhardness was measured with a PMT-3 mi-
: 3! crohardness meter fitted with a special attachment for contact
Ay
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FIG. 1. Temperature dependence of the low-frequency internal friction of 7; c

brittle polycrystalline zinc at two strain amplitudelsi— 4x 107° and2 —

9.2x107% a — before exposure to the magnetic fiell — 24 h after FIG. 2. Temperature dependence of the microhardness of brittle polycrys-
exposure, ath c — 5days after exposure. talline zinc:1 — before exposure to the field a2d— 24 h after exposure.
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heating the sample. The components of the internal frictiorfield, the brittle—plastic transition temperatufg may be

and OIMP-101 systems were integrated so that the heatingeduced by several tens of degrees.

field treatment, and internal friction measurements could be _ _ _

performed without demounting the sample. A19g\7) Presnyakov,Cold Brittleness[in Russian, Nauka, Alma-Ata
The results indicate that the temperature dependences o{/. G. Bar'yakhtar and A. A. Galkin, Dokl. Akad. Nauk SSSR7 1075

the internal friction and the microhardneds for the initial (1976 [Sov. Phys. Dokl21, 194 (1976].

or annealed material exhibit a kink near 50 °C, which corre-*E. L. Savitski, K. B. Povarova, and P. V. MakaroWetallurgy of Tung-

; ; e ; sten[in Russian, Metallurgiya, Moscow(1978, Chap. 4.
sponds to the brittle—plastic transiti¢igs. 1 and 2 This 4s. N[. Postnikol\j/ V. P. Si%grov A V.V\flyakainsikétpal. Applied Prob-

result completely agrees with the data presented. in Refs. Bjems in the Strength and Plasticity, Statics and Dynamics of Deformable
and 7. After treatment it can be seen that the kink on the Systemgin Russiai, All-Union Inter-University Collection, Gorky Uni-
temperature curves of the internal friction and the microhard-S\(/)eFISItg(%9k80,vp£|>- /1I38k—143-k A D. Shakh Fiz. Tverd. T8

. . . . . l. Datsko, V. I. eKseenko, an . D. aknova, Fiz. lverd.
.ness.Hv is shifted toward Ipwer temperatures. With increas- Petersburg3s, 1799(1996 [Phys. Solid Stat@8, 992 (1996,
ing time after the magnetic treatment, a further shift of the sy A Beloshenko, 0. I. Datsko, V. B. Primislet al, Zavod. Lab52(2),
kink is observed. After 5 days, tends toward room tem- 74 (1986.
perature V. A. Beloshenko, O. I. Datsko, O. Kh. Melokhow al, Ukr. Fiz. Zh.

’ . 28(1), 139(1983.

It has therefore been found that when technical grade ’

brittle polycrystalline zinc is treated with a pulsed magneticTranslated by R. M. Durham
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Experimental results on the doping of Yfau;0O,_ 5 superconducting ceramic with various
metals(Ti, Zr, Ag, Hf, Ta, and W are summarized. Some conclusions are drawn on the degree of
chemical interaction between the metals and the main phase of the composite responsible

for the superconducting properties of the material as a whole. An assessment is also made if the
influence of doping on the strength characteristics, which vary in the composite as a result

of different effects examined in this study. ®97 American Institute of Physics.
[S1063-785(17)00602-2

Enhanced brittleness and inferior strength properties arg, B, WCuQ, {O-. (This notation is used for convenience: a
just some of the shortcomings restricting the use of highspatially uniform formation, within the limits of the experi-
temperature superconducting metal oxides as components jlent =1um, may be either a chemical compound or an
microelectronics and instrument manufacture. The strengtBmorphous mixture For all systems the volume fraction of
characteristics of YB#u;O;_s ceramic have been im- the impurity phases CuO, ,BaCuQ, BaCuQ (the latter
proved and its superconducting properties retained by dopin@as only observed in Hf-containing systenasd the phase
with various metals™* In our previous studi€s’ a correla-  containing the added metal tended to increase with increas-
tion was reported between the strength properties of @gx. It is interesting to investigate the degree of stability of
YBa,CuwO;_ 5 + xMeO systemMe = Zr, Hf, Ta) and the  the main superconducting phase ¥BayO,_; in interac-
phase composition of Zr, Hf, and Ta. tion with the added metal oxides. The quantitative stability

The aim of the present paper is to classify various metalgharacteristic may be taken as the volume fraction of the
(Ti, Zr, Ag, Hf, Ta, and W according to their positive main YBaCu,O,_ 5 phase, which decreases with increasing
and negative influence on the strength properties ok for all systems but at different ratgBig. 1). For systems
YBa,CuzO;- 5 ceramic using the experimental data, and tocontaining Ti and Ta, for example, it is predicted that the
analyze the strengthening mechanisms. superconducting phase will be completely absent Xer

Samples containing Ti and W were synthesized as det0% and in W-containing systems fa==20%. In all our
scribed in Refs. 5-7 for Zr, Hf, and Ta, from a mixture of samples of systems containing Hf, Zr, and Ag, the

Y203, BaO, CuO, and MeO components at 970-980 °C foryBa,Cu;0;_ ; phase remains dominant, ensuring supercon-
12 h and were sintered under th(_e same conditions in an oxytucting properties for fairly large (Refs. 6 and ¥. Thus, in
gen atmosphere. Samples containing Ag were annealed frofarms of their degree of chemical interaction with the

a mixture of powdered YB&u;0; - 5 ceramic and AgO at  YBa,Cu,O,_ 5 superconducting phase, the metals may be
900 °C for 24 h in air and in an Latmosphere. When small put in the order TiTa>W>Hf>Zr > Ag.

amounts of the oxides TiDZrO,, Ag,0, HfO,, Ta,0s, and For the series of YB&Lw,0,_s + xMeO composites
WO; were addedon averagex<10-15 wt.%, the samples studied, the strength characteristics are enhanced with in-
retained their superconducting properties. creasingx (Fig. 2). This enhancement correlates with an in-

The phase formatiotby the phase we understand a spa-crease in the volume fraction of the impurity phages a
tial formation of uniform chemical compositifnwas inves-  reduction in the volume of the superconducting phdsg.
tigated with a Camebax-Micro microscope-microanalyzerl)] and also with their distribution over the microcrystallite
using a statistical approach developed by’ The average boundaries of the main phase. An analysis of these data sug-
values of the microhardness were calculated for 30—-50 imgests that segregation of the phases containing the added
pressions at a 100 g load. The measurement error was leasetal and the CuO phase may be responsible for the en-
than 10%. hanced strength. Several mechanisms responsible for

Substitution in the main YB&£u;0;_ 5 phase was only strengthening ceramics may be considered. In the first,
identified in Ag systems where approximately one coppemhich has been well developed for multicomponent metal
atom in 20—30 was replaced by Ag and the remaining silvesystems, segregation at grain boundaries plays a major role
was concentrated in separate conglomerates with a low cojn strengthening the material as a whole: the binding energy
per content £0.3 wt.%9. The other added metals were de- of the atoms per unit area determines the capacity of the
tected, together with Y, Ba, and Cu, in spatial formationssegregating atoms to weaken or strength the grain bound-
whose approximate composition regardless afay be writ-  aries. This mechanism may be investigated for the group IV
ten for each system, respectively, as Y¥BaOgs, metals Ti, Zr, and Hf. Since the binding energy density of
Y 0.0£M.6Ba&ClUy 06, HfBaCuQ,, TasYosBaCuQ;, and these elements is higher than that of the Y, Ba, Cu, and O
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undergo structural changes under the action of local

fields1**?>may well predominate for larger. This results in

the relaxation of local stresses near the stress concentrator

and enhances the strength characteristics of the material. For

this strengthening mechanism a correlation should be ob-

served betweeid, and the volume of one of the impurity

phases. For example, an increaseHinfor Hf (x=4 wt.%)

is most likely caused by an increase in the volume fraction of
Ag (atm) the hafnium phase and the nonlinearity lbf=f(x) arises

from a change in the distribution of the hafnium-containing

phasé from a bulk to a grain-boundary distribution in the

range 4<x<10 wt.% (negligible increase itd,) and back

to a bulk distribution forx>10 wt.%. A similar strengthen-

ing mechanism also applies to Ta=%2 wt.%) and may be

caused by an increase in the volume of the tantaluniaand

CuO phase§.

i W 15 x, wt.%

FIG. 1. Volume fraction of main YBZu;0;_ 5 phase in YBaCu;0;_ 5 +
xMeO composite versus degree of doping: MeOTiO,, ZrO,, Ag,0,
HfO,, Ta0s, and WQ. (The A it led in air and i
02.)2 305, an Q. (The Ag composite was annealed in air and in CONCLUSIONS
Doping a YBaCuO;_ s superconductor with metals
causes chemical decomposition. In terms of their chemical
feractlon with the superconducting phdaad resultant de-
ease in the fraction of this phas¢he metals studied here

ay be placed in the following order: T+ Ta > W > Hf

atoms'® segregation of Ti, Zr, and Hf at grain boundaries of
the main phase should enhance the strength characteristics'd
the ceramic. This strengthening mechanism is supported b
the relative position of the strength curves for Ti, Zr, and Hf> 7t > A
(Fig. 2), which correlates with the binding energy density: 9.

. . . . The strength properties of the superconducting ceramic
< < 10 m m gth prop P g
[E(T) < B(Zn= E(HM)]." This strengthening mechanis . ' YBa,CuzO,_ s are enhanced by doping with HfQup to

most likely predominates at low additive concentrations in . .
- =20 wt.9% and with TiG,, Ta0s5, WO, and ZrG (up to
YBa,Cu;0;_ 5 + xXMeO syst Me = Ti, Hf dat . . .
2C075 + xMeO systemsMe I, Hif) (no data are 10-15 wt.%. Different strengthening mechanisms may pre-

available for Zr or W in this rangethe main increase in the dominate in th mposite depending on the dear fd
strength characteristics is observed for smallhen no large in% ate € composite depe g on he degree of dop-

volumes of impurity phases are present. .
Another strengthening mechanism, typical of multiphasetL The authors are grateful to V. N. Varyukhin, S. 1. Lo-

systems and based on the properties of one of the phases 8da and A. N. Klevtsov for supplying the samples and for
e microhardness measurements.
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A theoretical approach is considered for media whose scalar and anisotropic responses are of
opposite sign. The nondiffracted beam, and the imaginary and real images formed by a
polarization hologram are analyzed under these conditions. It is shown that the imaginary image
has its polarization transformed compared with the object field while a pseudoscopic object

field reconstructed in terms of polarization state and degree is formed in the real imag®97©
American Institute of Physic§S1063-785(M17)00702-7

The polarization-holographic recording and reconstruc-  Under the action of the field of the partially elliptically
tion of an object field by partially polarized light has been polarized sum wavé€2), anisotropy and gyrotropy described
investigated using a modification described in Refs. 1-3 oby the Jones matrixare induced in the recording medium
the Jones vector matrix mettttland the law governing the
Weigert effect. It has been shown that when polarization- ~ M~My+M_;+M._ 4, ()
sensitive media whose characteristics obey the conditions
$§—0,=0,5+0, # 0,0, —0g # 0,0, +05=0 are used for WNere

recording, wheres, o, , andog are, respectively, the so- (Mo)1; (M)
called scalar, anisotropic, and gyrotropic responses of the \ ~exp—2ixdn ( oL A0 12), @)
medium to the intensity of the polarized light, the partial (Mg)21 (Mg)2
polarization state of the object field may be reconstructed in
the imaginary image. Media having these characteristics ixd . . ) -
have been used in a polarization holography experirhent. (Mo)11,27=1~ E[(SiUL)(EAXJFS Egv)
In the present paper we analyze polarization holographic 0
recording in partially polarized light in a recording medium +(§15L)(82E,§x+ EéY)],
whose characteristics satisfy conditions differing from those
considered above: i d o
(Mo)1221= — —={2ie[ (v *v6)EAx
§—0.#0, $+0,#0, 0,—06#0, v +0s=0. (1) 2No
Lo=" 2 .
Let us consider a polarization hologram recorded by a (v Tve)Bavlh ®)
partially elliptically polarized reference wave propagating
along thez axis and an object wave formed by propagation  y, L~ ﬂexp—m xd g
of the reference wave through an arbitrafgnisotropic- 2ng
gyrotropig object. The modified Jones vector of the sum
wave may be expressed in the fofm: Xexpis M-1)11 (M-1)1, )

(M—l)Zl (M—1)22 ,

1
Es=Erert E=Eaxexpi(ot+)[1+expis: MOb](is) (M_1)112= (5*0)[ (Eax+e?Edy) My

+ie(EZ—E2,) My ]+ (5% 0,)

a
EBEBYeXpi wt+ lﬁ'_ E

ie
[1+expi5-Mob]( ) (2
1 s 2 2 N4 22 2 \A
X[ —ie(Exx—Egy)Ma1t (e “Exx+ Egy)Maal,
Wheres— EAY/EAX_ EBX/EBY(0<8<1) D denoteS the
incoherent summation of amplitudes using the rules put for{M _1)1221= (0, Fv6)[ —ie(Eax— Egy)My;
ward in Ref. 2,Epxexpie is the complex amplitude of the
component of one basis, afthyexpiy is the complex am-
plitude of the component of the other basis, orthogonal and
incoherent to it,

+(e2Eax+Edy) Mol + v, +06)

X[ (EAx+e?Ejy) My +ie(Eax— E&y)Myl;

oA i 2d -
_ M11My2 MH%—%fexp—Zixan-exp
b~ Ma1Mz, 2N
is the complex Jones matrix of the object, ahis the phase M (Mipap ' (6)
shift induced by the oblique propagation of the object wave. (Mip)21 (Myg)2
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(M 1)11,2= (5= 0 )[(Ex+ £2EZy)ME, Eo=MEer~exp( —2i xdny)

—ie(Efx—Egy)mi]+(sF0y)

1 0\ ixdo, 1
+——Pgl| .
0 1 N le

_ a\[[1 O} ixdo, ie
@EBYexpl(chp—E){(o 1)+—ﬁ PoKl)].
0
(10

For the imaginary and real images formed by the polar-
><[(E,§X+82E§Y)ﬁ1’2*1—is(Eix— Eév)':ﬂ;z]- ization hologram we obtain respectively

X [ Eaxexpi(wt+ @)
x[ie(Eax—Egy) M3+ (e’Eax+ Eay) M),

(M 1)1221= (v, £ vg)[ie(Eax— EBy) MY

+(e2Eax+ EZy)ME]+ (0. Fvg)

i xdv| A
Here the matrixM is responsible for the formation of E_1=M _1E~ ﬁ—eXD(—ZI%d No)

the nondiffracted beam, while the matricks_; and M, ; 0
are responsible for the formation of the imaginary and real 1
images, respectivelyThe matrix responsible for the forma- X [ Eaxexpi(ot+ o+ 6)P(ad, Mob)( i 8)

tion of the convolution component is not considered hdre.

Egs. (4)—(6) we havex= (2#/\), d is the thickness of the

recording medium, and, is the complex refractive index in ©Egyexpi
the initial unilluminated statef,=ngy—ingyo, No is the re-

fractive index, andr, is the extinction coefficient

T ie
wt+l//—§+5 P(ad]Mob)(l)}, (11)

i 2edD .
Using condition(1) we obtain in expressiong)—(6): E,. =M, E~ &exp(—Zixd No)(1+&2)
No

) ~ 1 0 |%dl,;|_ 2 . * 1

M=~ exp(— 2i xdng) 0 1 +——Py|; (7) X\ EaxEgyexpi(wt+¢—d)(ad;Mg,) o
No
2 H ™ * is
i el o _ S EpyEaxexpi| wt+ 4/1—5—5 (ad;Mgp) 1]
M_;~——exp(—2ixdny)expis-P(adjMy,);  (8)
No (12
R It follows from Eq.(10) that the nondiffracted beam con-

M~ L exp(— 2i xdNo)exp(—i 5)(ad;M%)P, tains no information regarding the object. An analysis of Eq.

No (11) reveals that in the imaginary image the object field has
(9) its polarization irreversibly transformed. It is deduced from
Eqg. (12 however, that a pseudoscopic object field with its

where polarization state reconstructed is formed in the real image.
In conclusion, we note that this result may be used to
e2E2 +E2., —2igE2 develop novel polarizati_on devices. _
O=( X , BY , BYZ ) The authors would like to thank Prof. Sh. D. Kakichash-
—2ieEpx  Eaxte’Egy vili for his interest in this work and for useful discussions.
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Mixing of granular materials in a half-filled rotating drum
S. N. Dorogovtsev
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The process of avalanche mixing of two fractions of granular material in a half-filled rotating
drum is described accurately and it is shown that under these conditions, the fractions

do not generally undergo complete mixing. 97 American Institute of Physics.
[S1063-785(17)00802-1

Interspersion of granular materials in a rotating drumshowing the distribution of the fractions it is therefore con-
(the longitudinal axis of the cylinder is horizontal and the venient to map the free surface to the horizofiad). 2) and
drum is not completely filled so that there is free space at thassume that the drum radius is unity. The answers also do
top) has recently been investigated intensivébee Refs. not depend on the speed of rotation of the drum so that we
1-4, for instance The reason for this interest is the obvious shall take the “time”t to imply the complete angle of rota-
correlation with problems involving the dispersal of a pile of tion of the drum. To be specific, we shall assume that the
sand and the problem of self-organized criticalfty? drum rotates counterclockwise.

A configuration suitable in principle for investigating We show that when the drum is half-filled, mixing of the
analytically (see Ref. 9 the very complex problem of the material only at the free surface does not result in complete
mixing of fractions of granular material in a rotating drum mixing in the system. Let a pure fraction be locatedakt
was proposed in an experimental stfidyd this system will pointson a certain radius vector of the drum. At the instant
be considered here. when this radius vector reaches the surface, the material

Our drum is planar so that it is more like a disk. There ispours onto the left half of the surface and the same pure
thus no need to allow for mixing of granules along the axisfraction is again found in all its pointsiSince the drum
of rotation of the drum. The gravitational field is directed rotates adiabatically slowly, it may be assumed that the gran-
perpendicular to the axis of rotation. The drum rotates adiatles intersperse instantaneously at the free susfaten the
batically slowly and at each point in time the free surface isentire radius vector with the pure fraction rotates with the
at the angle of repose to the horizontglg. 1). (It follows  drum until it again reaches the right half of the free surface.
from Ref. 4 that the free surface may be considered to bdhe entire process is then repeated with the petipa/hich
planar in this casg. is half the period of rotation of the drum.

Let us recall exactly what avalanche mixing of granular ~ Thus at any one time on a certain radius vector of the
materials is. Let us assume that granmwose sizes are drum there must be a pure fraction which never disappears.
much smaller than the radius of the druoan only become In Fig. 2, which shows various distribution patterns of the
interspersed on reaching the free surface of the material 4gactions at successive moments in time, it is easy to see that
the drum rotates. Granules not reaching the free surface sine pure white fraction disappears at titve — x. Thus the
ply rotate with the drum, without being shifted relative to @bove reasoning must apply to the black fraction.
each othe(Fig. 1). Thus the material is only mixed in ava- The position of the radius vector may be defined by its
lanches which descend continuously from the free surface agle of inclination from the right half of the free surface,
the drum rotates. This mixing has been described as ava€- the anglej. Figure 2 shows that on the left half of the
lanche mixing although in our view, it would be more ac- free surface it will be found that
curate to call it mixing in avalanches.

It is assumed that the granules of different fractions only =~ p(#=0,0st<x)=p(y=0,7— yst<sm)=1. (1)
differ in color. Since the granyles are sma[l, we can irﬁroducq-hiS pattern is repeated with the periods:
the conc'ept of a concentration of a particular fraction at a (0t+m)=p(04). Since no mixing takes place in the bulk
given pointin the drum. Thus the state of each separate poig yhe material, the entire distribution of the fractions in the
x of the material at a particular time is described by 4 can easily be found from the known distribution of the

p(x't)b'Ithi(}h is the conﬁentrition chj tfhe black fra(;]t_ion].c FOr aoncentration of the black fraction on the left half of the free
pure black fraction we have=1 and for a pure white frac- g tace In particular, if the concentrationis= const along

tion p=0. We assume that at zero_time the white fract_ion isthe radii (it is then meaningful to introduce(,t)), for
at the bottom and the black fraction at the top. It will be 0<y=m andt=y we have

convenient to introduce the notation shown in Fig. 2a. We
shall describe the volume of the black fraction by the sub-
; . X ) =p(0t—¢). 2
tended anglee= /2. In this case, the relative proportion of P =p( ¥) @
the black fraction in the material [2y + sin(2y)]/ . We must now make a very strong assumption. We shall
The answers do not contain either the angle of repose aissume that the material in the avalanches is mixed com-
the granular material or the drum radius. On the diagramgletely (Fig. 1: if this assumption is satisfied, after intersper-
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FIG. 1. Diagram showing avalanche mixing in a half-filed drum. When the
rotation of the drum is infinitely small, granules of different fractions from
sectorA undergo mixing and pour into sectBr. If the granules are in the
bulk of the material, they rotate with the drum, without being shifted relative
to each other. Regions of mixed material are shown by the gray Guioe
and in Fig. 2 the degree of mixing is not shown

sion the concentratiop will be the same at all points in
sectorB). This assumption is logically taken as an initial
approximation without going into details on the granule 2%
structure(such as agglomeration and stickingn fact com- c d
puter modelin§ based on this assumption describes real ex-
periments surprisingly accurately. It is then easy to see thdtlG. 2. Distribution of fractions in drum at various times. For convenience
after the timet = =Y the concentratiom is the same at all Fhe frif:tion angle is as_gumed to b_e zero and th_e free surface of the material

. T . L. is horizontal.a — position of fractions at zero time=0. The angle char-
points on each individual radius vector. Thus after this tIme’acterizes the relative volume of the black fraction in the drbm:- t=y;
the distributionp(y,t) completely describes the state of the ¢ — y<t<w—y, ¢=t—y; d — instant when pure white fraction disap-
system. pearst=7— x.

We shall now findp(0t) for the intervaly<t<m—y.

Glancing at Fig. 2b, it is easy to understand that in this range

1 IS(t—x) ot. Standard formulas for the areas of triangles give
Ep(o,t)z 0 X ) 3 S(@) =3 sin ¢ sin y/sin(e+ x). As a result we have
Here S(¢) is the area of the triangle shown by the dashed  p(0,t) =sir’x/sirtt. (4)

line in Fig. 2c (p=t— x) and the coefficient 1/2 appears on
the left-hand side of this relation since the radius vectoRelations(1) and(4) together with the periodicity condition
sweeps the aredt/2 when rotated through the small angle determine the complete behavior of the cup¢@.t) (Fig. 3.

FIG. 3. Varying concentrations of black fraction on
left half of free surface.

p(0.)

o -y T 2n 3n
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Our conclusions only refer to an exactly half-filled drum. Ktitorov, E. K. Kudinov, A. M. Monakhov, A. N. Samukhin,
In other cases, all the materi@part from that in the central and Yu. A. Firsov for numerous useful discussions.
part of the drum if it is more than half-fyllis ultimately
uniformly mixed®

To conclude we stress that our conclusion that fractions;H- M. Jaeger, C. H. Liu, and S. R. Nagel, Phys. Rev. L&2.40 (1989.
of granular material do not undergo complete mixing in a3|“\1/‘| RB""rJggerI]baghbmm;Z‘r’T‘] Lgstii%é;)?r?soki and F. Nori, Phys. Rev
half-filled rotating drum did not depend on the assumption | ey 69, 2431(1992. T ’ o T
that the granules are completely mixed in avalanches! EvertG. Metcalfe, T. Shinbrot, J. J. McCarthy, and J. M. Ottino, Nailen-
without this very strong assumption, sections of pure black_don 374 39(1995.
fraction p=1 are repeated periodically on the cunwé0y) Jigl'gz)sendahl, M. Vekic, and J. E. Rutledge, Phys. Rev. [7&t.537
(Fig. 3). Our only assumption was that the material is com- 6p_gak, C. Tang, and K. Wiesenfeld, Phys. Rev. L%, 381 (1989.
pletely mixed, by pouring from the free surface which en- ’P. Bak, C. Tang, and K. Wiesenfeld, Phys. Rev3# 364 (1988.
abled us to introducp(0;t) between these sections and thus ;C- Tang and P. Bak, Phys. Rev. Le0, 2347(1988.
determine its specific behavior. S. N. Dorogovtsev, JETP Let62, 262 (1995.

The author would like to thank E. N. Antonov, S. A. Translated by R. M. Durham
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Rate of energy dissipation of the thermal fluctuation field of the sample at the tip
of a tunneling microscope

|. A. Dorofeev

Institute of Physics of Microstructures, Russian Academy of Sciences, iNildvgorod
(Submitted March 26, 1996
Pis’'ma Zh. Tekh. Fiz23, 49-53(February 12, 1997

It is shown that the rate of energy dissipation of the thermal field of a sample at the tip of a
microscope is inversely proportional to the cube of the distance between tip and sam@897©
American Institute of Physic§S1063-785(17)00902-9

The development of a mechanism for local modification o —
of the surface of a solid usually involves calculating the tem- ~ We, =2 fo ReZ|I[*dw. 2
perature of the sample material for which various sources of
energy release must be taken into account, such as those d¥é& shall assume that at a tip having the radius of curvature
to the Joule, Thomson, and Nottingham effects. If bodies irP, there is an oscillator at the distanbe=-d+p from the
vacuum are separated by large distances, the energy transffface of the half-space. The electric dipole moment of the
between them may be achieved by the radiative componemscillator isC= (Iop/i w)e, wherei is the imaginary unit and
of the thermal electromagnetic field. The rate of the energy is the unit vector. The power loss of the electromagnetic
exchange in this case is described by the Stefan—Boltzmarfield of an oscillator in a half-space filled with an isotropic
law. If the distances between the bodies are fairly small, s¢onducting medium having the complex permittivity
that the energy of the thermal fluctuation field is concen<1=¢;—lig}] was determined in Ref. 2, and for an arbitrarily
trated mainly in the quasistationafgvanescentcomponent oriented electric dipole is given by
of the field, the energy transfer will obey completely differ- w2 [
ent laws. For instance, in a geometry typical of a tunneling QOZR J exp(—(q+g*)h) pdp[i (| Ly2+]L,|?)
microscope, where two solids are separated by a short dis- 0
tance d, much smaller than the _therr_nal wavelength ><(|Q|256/k2+3ﬂ)+2|£z|2p258/k2], 3)
Nt=nhc/KT, wherec is the speed of lightk is th e Boltz-
mann constant, ariflis the temperature of the solid, we need Where S,=k(ai/e] —ai/e1)/|a+0as/e4|?, S, is obtained
to know these laws. by substituting u, for 5, ¢ is the speed of light,

In the phenomenological thedrshe fluctuating electro- A= (p*—k?)"2 andq = (p*>— k)"
magnetic field is considered as the field generated by random Let us consider the case where the dipole is oriented
nonelectromagnetic sources distributed in the materiaf@long thez axis. The case of arbitrary orientation is analyzed
whose existence is attributed to various fluctuations inclugSimilarly. For short distances, whed<1, the wave com-
ing quantum and thermal fluctuations. By applying reciproc-Ponent of the field may be neglected and only the quasista-
ity theory and the fluctuation dissipation theorem, the variougionary field is taken into account, correspondingpto k.
energy characteristics of the random fields can be calculatégepeating calculations similar to those performed in
by deriving suitable correlation functions. In our case, byRef.- 2, we find that up to terms of orderki) 2,
determining the thermal noise induced at the tip of the need|@o=15p°&1/20h3|1+&4|?. The total impedance of a tip of
by a heated sample, we can find the Joule losses. With this
aim, we shall solve the problem of the thermal radiation of
thin metal conductors having transverse dimensions much
shorter than the wavelength. In this approximation the fluc-
tuation currentd induced by the thermal field of the sur-
rounding bodies in a thin conductor is expressed as follows:

2
1P [ eace, @

where&,=Zl, is the lumped integrated emZ, is the total
impedance of the tig,q is the current excited by the lumped
emf, 6(T) =fhw/2+ v/ (expw/kT)—1) is the average en-
ergy of the oscillator at temperatufe andd Q, are the Joule 10 1 Y
losses of the electromagnetic field of the oscillator in a vol- 10 10? 10® TK
ume element of the sample. Knowing E4), we can find

the unknown thermal loss power at the tip using the formuleFiG. 1.
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approximate sizep is written asZ=(1-i)(w/2woc?)¥?  portional to the square of the distance between the planar
(Ref. 4. Assuminge;=1—-i47ol/w, and substituting Eq. surfaces. Assuming that the effective receiving area of the tip
(1) and the expression fd@, into Eq.(2), we finally obtain is of the order ofrp?, we obtainW,, =W, mp>.
hocp? " 2% Numerical calculations were made for the case=0,
= s j s——, (4 ~AT=T;=T,=T, which has the same meaning as the energy
8(2m°)"h” Jo [explax)—1](1+x"/4m") exchange mechanism being studied. Figure 1 gives the re-
wherex=w/o and a=#o/kT. sults of the calculations using formul&$) and (5) for the
Thus the Joule power loss is found to be inversely procased=10"" cm when the electrical conductivity of the tip
portional to the cube oh. The estimate ofV,, will obvi-  and sample materials is=2x10'°s™*, which corresponds
ously be more accurate, the smaller the tipe value of !0 tungsten. Curvd was calculated using formul@t) and
p). curve 2 using formula(5). The dashed curve was calculated
It should be noted thatV,, has the meaning of the dif- Using formula(4) for the electrical conductivity of gold
ference between the power generated at the tip by the flugh =3.5X 10" s™%). The calculations using both formulas
tuation field of a sample at the temperatiireand the power |qd|cate _that the transferred power is several orders of mag-
released in the sample by dissipation of the fluctuation fieldlitude higher than that predicted by the Stefan—Boltzmann
of the tip at the temperatur,. Thus Eq.(4) does not con-  1aw. S
tain the zero-point vibrational energy generated by the entire  Note that the formulas for the rate of energy dissipation

space because any energy flux from these vibrations in arf @ fluctuation field were derived under the assumption of
direction is completely canceled by an opposite flux. o-correlated random sources in the medium. Allowance for

The authors of Ref. 3 solved a similar problem in thethe finite correlation length yields a different the dependence
one-dimensional case where two half-spaces are separated 8 the interelectrode gap, at any rate for distances compa-
a certain distance in our notation. The power transferred by rable with the correlation length.
evanescent waves per unit surface area from one half-space Theé author would like to thank A. A. Andronov and

at temperaturd’; to another at temperatu®, is expressed V- N- Kurin for discussions of this topic.
This work was supported by the Russian Fund for Fun-

in the form
) damental Research, Grant No. 95-02-03595.
., ho fw [exp(ayX) —exp(a1X)]xdx
& mid? o [explaix) —1][explayx)—1] 1S, M. Rytov, Theory of Electric Fluctuations and Thermal Radiation
Russian, USSR Academy of Sciences Press, Mosd@@53.
f” yexp—y)dy 2M. L. Levin and S. M. Rytov,Theory of Equilibrium Thermal Fluctua-
2/ 2 2 2192 . tions in Electrodynamicfin Russian, Nauka, Moscow(1967).
o 1+x ™+ 16m"(1—exp(—y))*/x"—~8(1-exa—y)) 33. 3. Loomis and H. J. Maris, Phys. Rev5B, 18 517(1994).
(5) 4L. A. Vainshtén, Electromagnetic Wavedsn Russiaf, Sov. Radio, Mos-
cow (1957).

It can be seen from the results obtained in Ref. 3 that in the
one-dimensional case, the dissipated power is inversely praranslated by R. M. Durham
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Some aspects of recording an acoustic wave in a liquid by a fiber-mounted
piezoelectric transducer

A. V. Belikov, A. V. Erofeev, Yu. A. Sinel'nik, and Yu. V. Sudenkov

State Institute of Precise Mechanics and Optics, St. Petersburg;
St. Petersburg State University
(Submitted October 24, 1996

Pis'ma Zh. Tekh. Fiz23, 54-58(February 12, 1997

The main characteristics of a piezoelectric transducer mounted on an optical fiber and used to
measure the acoustic signals induced by interaction between the radiation and the material

are described. Results of an investigation of a laser-induced acoustic signal in a liquid are
presented. ©1997 American Institute of Physids$$1063-785(17)01002-1

The widespread application of lasers with fiber-opticliquid, or solid is based on recording the dynamic deforma-
systems of radiation delivery in modern physics, engineertions generated in an optical fiber in contact with the mate-
ing, and medicine brings with it the need to develop newrial. In this case, the optical fiber to which the transducer was
systems for monitoring and controlling this radiation. In or- fixed was both a light guide and a sound guide for the acous-
der to control laser damage to materials, information is retic wave generated in the liquighdia ink) as a result of laser
quired on the dynamics of the processes producing this danirradiation at the interaction point. The interaction point was
age. An obvious example of laser-induced effects in ahe point of contact between the far end of the fiber and the
material is the formation of an acoustic waveln many liquid. Experiments to determine the distand® (between
cases, an analysis of the amplitude and frequency character-
istics of a laser-induced acoustic wave provides information
on the actual damage proceslse damage efficiency, depth
of the damaged layer, and so fortlcoustic waves are con-
ventionally recorded by microphorfedistributed in the me- 02
dium (water, aiy surrounding the interaction site, but when
fiber-optic delivery systems are used such measurements are
beset with severe technical difficulties. In the present paper
we describe the main characteristics of a piezoelectric trans-
ducer mounted on an optical fiber and used to measure the 4 —
acoustic signals induced by interaction between the radiation
and the material. Results of an investigation of a laser-
induced acoustic signal in a liquid are presented. 0.1

We made an experimental investigation of the character-
istics of a laser-induced acoustic signal produced by the in-
teraction of YAG:Nd(A=1.06 um) laser radiation and an ! [ ' [
aqueous dye solutiofindia ink). The laser energy density 0 1.0 2.0
was varied in the range 10—160 Jfcmith a pulse repetition t, ms
frequency of 10 Hz. The energy and duration of the acoustic
response recorded by the transducer were determined experi-
mentally as a function of the dye concentration in the aque-
ous solution at constant laser radiation energy. The output a\ b b

0.1 A

U, mv

U, mv
0.2 —

end of the fiber was inserted in a vessel containing an aque-

ous solution of the dyéindia ink). The depth of immersion ' / °
of the fiber end was around 30 mfinom the surfacg In all /
cases the volume of water was 50 ml. The dye concentration g

in the solution was varied between 0.01% and 0.2%. The

fiber transducer was mounted nearer to the output end of the
fiber (around 50 mmto minimize attenuation of the acoustic -0.1 -
wave as it propagates through the fiber material. A quartz—
quartz optical fiber with a light-guiding core diameter of
500+20 um was used. For further processing the signals ' | ' '
from the transducers were fed to an S9¥OP oscilloscope 0 1.0 20
connected to a PC/AT 486-120.
The operating prlnC|pIe of the aCOUStOOPIIC _trans_duce'i:IG. 1. Oscilloscope traces of laser-induced acoustic signat YAG:Nd,
used to measure the parameters of an acoustic signal induce@e ,.m, 125 J/crf, concentration 0.008 — YAG:Nd, 1.06 um, 125
by interaction between laser radiation and a matdgals,  J/cn?, concentration 0.9.
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the interaction point and the transducer attachment point for U, mv
which the signal-to-noise ratio exceeded 10, showed that this
distance was about 50 mm. An increasdicaused this ratio

to deteriorate.

Typical oscilloscope traces for various dye concentra- .
tions show that when the energy density of the 106
radiation is around 125 J/énthe formation of acoustic vi-
brations(as a result of microexplosions accompanying the
absorption of light by dye particlesn the aqueous solution
of India ink is a threshold process and begins to be observed
reliably above a concentratiog) of around 0.004—-0.008. A
typical signal recorded by the transducer in this case is
shown in Fig. 1a. It can be seen that this signal is a super- 0 T T T |
position of two signals, a low-frequency and a high- 0 0.1 0.2
frequency one. The low-frequency signal is due to the pyro- c
electric signal produced by light scattering in the fiber
material and carries information on the laser radiation enf!G- 2. Energy of laser-induced acoustic signal versus concentration of
ergy. This statement is supported by the fact that the signd@ ink dve for YAG:Nd, 1.06um.
shape and amplitude do not vary with dye concentration, and
the parameters depend clearly on the laser radiation energyentration of 0.1 is most likely caused by competition be-
The high-frequencyacoustig signal is due to the piezoelec- tween two mechanisms for formation of the acoustic wave:
tric response and characterizes the interaction between thge is associated with heating and expansion of the Indian
laser radiation and the material, as is indicated by the depefnk particles in the laser pulse field and dominates at low
dence of its parameters on the dye concentration. An increag@ncentrations while the other is due to microexplosions of
in the dye concentration enhances the amplitude of théndian ink particles and interaction between heated particles.
acoustic signal and alters its frequency spectrum. The time As a result of these investigations, we were therefore

0.04

resolution may be estimated as: able to develop a miniature, sensitive, spectrally selective
| acoustooptic fiber transducer capable of recording simulta-
UadvE (1) neously both the laser radiatigpulse energy and the signal

accompanying the interaction between the laser radiation and
wherel is a linear dimensiorfthe transducer—fiber contact the material in a band of up to 1 MHz. This transducer was
length andV is the speed of sound in the fiber. used as the basis to develop a feedback system incorporating
In our case the resolution is~10™© s. A typical signal  a transducer, an analog-to-digital converter, a computer, a
for concentrations close to 1 is shown in Fig. 1b. It can bedigital-to-analog converter, and devices to alter the energy
seen that the transducer records the acoustic response rjpowen and time structure of the laser radiation.
only from the interaction pointa), but also from the surface
of the liquid (b) and the walls of the vessét). 1v. E. Gusev and A. A. Karabutot,aser OptoacousticéBristol, 1993.
Figure 2 shows typical behavior of the laser-induced 2A. V. Belikov, A. G. Novikov, and A. V. Scrypnik, Proc. SPIE623 109
(YAG:Nd, 1.06 um) acoustic signal energy as a function of (1995.
the dye(India ink) concentration. The minimum near a con- Translated by R. M. Durham
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A new fiber acoustic laser-energy detector
A. V. Belikov, A. V. Erofeev, A. V. Skripnik, Yu. A. Sinel’nik, and Yu. V. Sudenkov

State Institute of Precise Mechanics and Optics, St. Petersburg, St. Petersburg State University
(Submitted October 24, 1996
Pis’'ma Zh. Tekh. Fiz23, 59-63(February 12, 1997

A novel detector capable of measuring the energy of pulsed laser radiation coupled into an
optical fiber and the acoustic signals induced by interaction between this radiation and matter is
described. Results of a study of the capabilities of this optoacoustic detector are presented.

© 1997 American Institute of PhysidS1063-785(107)01102-9

The development of integrated optics and the wide-=2.088 um), and YAG:Er(A=2.94 um) lasers was passed
spread application of lasers with fiber-optic systems for dethrough an optical system of mirrors and was focused by a
livering the radiation in modern physics, engineering, andCak lens onto the input end of the fiber. The laser energy
medicine has brought with it the need to develop new radiadensity was varied in the range 10-160 Fcat a pulse
tion monitoring and control systems, or feedback systems. Imepetition frequency of 10 Hz. A plane-parallel plate directed
the vast majority of cases, it is sufficient to regulate the avssome of the radiation to a calorimetric energy meter which
erage radiation power to control processes of laser damage tecorded the poweienergy of the laser radiation incident at
materialst The control criterion in this case may be taken asthe input end of the waveguide. The laser energy thus mea-
the excess of the laser energy above a certain threshold thatired was used to calculate the efficiency of coupling the
causes changes in the state of the objeacth as damage, laser radiation into the fiber. An acoustooptic fiber transducer
modification, and so forft? The laser radiation energy was attached at a point around 20 mm from the inlet end of
(powel is conventionally measured by calorimetric or opto-the fiber. An additional calorimetric energy meter recorded
electronic techniquelbut when fiber-optic delivery systems the laser radiation energy after passage through the fiber. The
are used, these methods of measurement encounter majmrrespondence between the amplitude of the signal from the
technical difficulties. Here we describe a novel detector caacoustooptic fiber transducer and the laser radiation energy
pable of measuring the energy of pulsed laser radiatiomfter passage through the fiber was investigated experimen-
coupled into an optical fiber and the acoustic signals inducethlly. We used hollow fibers, quartz fibers, and germanate
by the interaction of this radiation with matter. Results of a(Ge-glas$ fibers with a light-guiding core diameter of
study of the capabilities of this optoacoustic detector are pre500+20 um. For processing the signals from the detectors
sented. were fed to an S9-8KOP oscilloscope connected to a

The profile and amplitude of the pyroelectric signal from PC/AT 486-120.
the detector were investigated experimentally as functions of The operating principle of the detector when used to
the energy and wavelength of the laser radiation transferretheasure the energy characteristics of laser radiation is based
along different types of optical fiber. Radiation from on the linearity of the relation between the light scattered in
YAG:Nd (A\=1.06 um andA=1.44 um), YAG:Cr;TmHo (A the optical material and the recorded pyroelectric signal ex-
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0.6 a FIG. 1. Relative amplitude of signal from acoustooptic fiber detec-
tor as a function of the energy of various lasers after passage
through a quartz—quartz fiber. Wavelength— 1.44 um, 2 —

0.4 o A 0.88 um, and3 — 2.94 um.
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cited by the scattered wave. The signal from the detector iture of these fibers revealed that this effect may occur be-

the result of integrating the spiky structure of the laser pulsecause the scattering of 2.94m light is greater for quartz—

as is evidenced by the fact that the time when the detectajuartz and Ge-glass fibefabout the same for these thvand

signal reaches a maximum coincides with the end of the lasageaker for hollow fibergalthough this does not include the

pulse(t~100—-200us). The signal can then be processed bylosses in the fiber

a peak detector and a quantity proportional to the laser pulse \We draw attention to the fact that investigations of the

energy thus determined. In the course of the present studyensitivity threshold of the acoustooptic detector have shown

we were particularly interested in the universality of this that the sensitivity does not depend on the laser pulse length

acoustooptic fiber transducer for optical fibers of variousyng is around 1 mJ for all the laser sources studied.

types and for different radiation wavelengths. In summary, an acoustic detector mounted on a fiber
Figure 1 gives the amplitude of the signal from the hich carries laser radiation to an interaction site has been

acoustooptic fiber transducer mounted on a quartz fiber as d’eveloped and studied for the first time. The detector can be
function of the energy incident at the input end of the fiberused

for laser radiation of different wavelengths. Figure 2 shows to measure the energy of laser radiation that has passed
the relation between the amplitude of the pyroelectric signa{lgrough the fiber:

from the acoustooptic transducer and the radiation energy of to measure the coefficient of counling the laser radia-
a submillisecond YAG:Er pulsed laser after passage througﬁon into the fiber- pling

guartz—quartz, hollow, and Ge-glass optical fibers. . .
These dependences suggest that the calibration charac- ~ .to measure the energy of the laser-induced acoustic

teristic of the acoustooptic fiber transducer is linear over the/ave: ) i

entire range of laser energies used. - to measure the frequency of the laser-induced acoustic
The dependence plotted in Fig. 1 confirms that the am¥aVve: , , ,

plitude of the signal recorded by the detector clearly depends - t© determine the onset of degradation of the fiber prop-

on the laser wavelength, which suggests that this detector &U€s; _ _ o

wavelength selective. The selectivity is caused by a differ- - [0 investigate the thermal and acoustic characteristics

ence in the scattering coefficient of quartz at different wave©f various systems.

lengths. Note that the maximum signal was observed for the

1.44 um wavelength, which can be described by the follow-

ing wavelength dependence of the scattering intensity:

[ 1 1 M. J. Weber,Handbook of Laser Science and Technol¢GRC Press,
scat XR! 1) 1991).

. . ) . 2A. V. Belikov, A. G. Novikov, and A. V. Scrypnik, Proc. SPIE523 109
where | ¢, is the amplitude of the signal scattered in the (1995.

optical fiber,\ is the wavelength of the laser radiation, and °N. V. Karlov, Lectures on Quantum Electronidén Russiaf, Nauka,
k is an empirical factor. The curves plotted in Fig. 2 illustrate ,M0scow(1988. o

that differences in the amplitude of the recorded signal are V. E. Gusev and A. A- Karabutot,aser OptoacousticgBristol, 1993.
observed for fibers of different type. An analysis of the struc-Translated by R. M. Durham
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Diffraction of light by agglomerates in a layer of magnetic fluid situated
in a magnetic field parallel to the plane of the layer

D. A. Usanov, A. V. Skripal’, and S. A. Ermolaev

Saratov State University
(Submitted October 21, 1996
Pis’'ma Zh. Tekh. Fiz23, 64—67(February 12, 1997

Previously unknown behavior observed when laser radiation propagates through a layer of
magnetic fluid with and without an external magnetic field are established for the first time and
their physical nature is explained. @997 American Institute of Physics.
[S1063-785(0®7)01202-0

The strongest diffraction of light has been observedayer, as shown by the dashed line, the longitudinal axis of
when an external magnetic field is oriented at right angles téhe strip was observed to rotate in the direction of the mag-
the boundaries of a plane layer of magnetic fluith this  netic field.
case, the action of a static magnetic field directed along the The light intensity in the strip was perceived as uniform.
laser beam produces a characteristic diffraction scatteringhis diffraction pattern corresponds to the case where the
pattern comprising one or several rirfgsHowever, no de- light passes through a system of nontransparent filaments
scription has been given of the diffraction pattern obtainedarranged perpendicular to the direction of propagation. In our
when the external magnetic field is oriented along a planease, ordered ferroparticles function as these filaments. Dis-
layer of magnetic fluid or how this pattern changes with thetinguishing features of this particular case are the quasiperi-
magnitude and direction of the magnetic field situated in thisodic discontinuity of the ferroparticle flaments and their lack
plane. of strict spatial periodicity. As a consequence of this quasi-

The pattern of light diffraction by agglomerates of a periodicity, intensity maxima and minima should be ob-
magnetic fluid was observed experimentally for this particuserved within the light strip. This supposition was checked
lar case using the apparatus shown schematically in Fig. Tut experimentally. Figure(d) gives the voltage on the pho-
Radiation from a laset at 0.6328um in a 3-mm diameter todiode as a function of its position along the coordinate axis
beam was directed onto a plane layer of magnetic fluid conperpendicular to the direction of the applied field. It can be
sisting of water and magnetite particles coated with sodiunseen from Fig. &) that a typical diffraction pattern of alter-
oleate with a solid-phase concentratigr=0.1, positioned
between two glass plates After passing through the layer
of magnetic fluid, the light beam shaped as the diagam u/u,
was observed on a screérand recorded by a photodetector
6 and an automatic plottef. When a magnetic field was
applied to the magnetic fluid using the poles of an electro-
magnet3 and a power supply, the beam was transformed 05
into a strip of light8 whose longitudinal axis was perpen-
dicular to the magnetic fielB. The light intensity in the strip
increased with increasing magnetic field. When the direction
of the applied magnetic field was rotated in the plane of the

-1 g ! X/,

\3/ : Z b
[\ L

o Bl
4 g 9 "
1 1 [l
FIG. 1. Schematic diagram of apparatlis— laser,2 — layer of magnetic 3 0 3 %o

fluid between two glass plate8,— poles of electromagnett — power

supply for electromagne§ — screen,6 — photodetector7 — automatic FIG. 2. Normalized voltage on photodiode versus its position along coordi-
plotter,8 — shape of light beam in magnetic fiell— shape of light beam nate axis perpendicular to the magnetic fiedd— when light propagates
without magnetic fieldthe dashed line indicates the direction of rotation of through the layer of magnetic fluid dib — when it propagates through the
the light strip when the direction of the applied magnetic field is rodated dried layer of ferroparticles.
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nating scattered-light intensity peaks and troughs is obness of the fluid layer measured with an MII-4 microinter-
served. ferometer was 1.um.

A layer of magnetic fluid deposited on a glass substrate It has therefore been shown that when light is scattered
was dried in a static magnetic field in order to confirm theby a thin layer of magnetic fluid in a magnetic field oriented
assumption that filaments of ferroparticles formed in thealong the boundaries of the plane layer, a strip of light hav-
magnetic field and oriented in the direction of this field areing alternating intensity maxima and minima is formed, typi-
responsible for the typical diffraction pattern observed. Aftercal of the diffraction by a quasiperiodic grating. When the
being passed through the glass plate containing the driedirection of the applied magnetic field is rotated in the plane
layer of ferroparticles, the light beam was also transformedf the layer, the longitudinal axis of the strip is observed to
into a narrow strip of light, even in the absence of the mag+otate in the same direction as the magnetic field.
netic field. When the plate with the dried layer of ferropar-
ticles was rotated in the plane perpendicular to the direction
of propagation of the light, the axis of the strip rotated in the *J. C. Bacri and D. Salin, J. Phy@arig 41, L771 (1982.
same direction as the plate. Figur@@shows the diffraction zYu. |. Dikanski and A. O. Tsebers, Magn. Gidrodinam. No. 2,(4290.

. . . W. E. L. Haas and J. E. Adams, Appl. Phys. L&, 571(1975.
pattern obtained when a sample of the dried magnetic struc-
ture was illuminated with He—Ne laser radiation. The thick-Translated by R. M. Durham
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Some features of the kinetics of high-speed penetration in brittle media

A. S. Vlasov, Yu. A. Emel'yanov, E. L. ZiI'berbrand, A. A. Kozhushko, A. I. Kozachuk,
G. S. Pugachev, and A. B. Sinani

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 21, 1996
Pis'ma Zh. Tekh. Fiz23, 68—73(February 12, 1997

The kinetics of the high-speed penetration of deformable rods into ceramics has been
investigated. It is established that penetration takes place by a two-stage process. In the first
stage the penetration velocity increases with increasing damage to the ceramic. The second stage
corresponds to quasisteady penetration into a medium devoid of strength. It is shown that

the first stage determines the high level of resistance of ceramics to high-intensity impact loading.
© 1997 American Institute of Physids$1063-785(07)01302-3

Extremely hard brittle material¢especially ceramigs The first(descendingbranch of the curve corresponds to
have recently been investigated intensively because of thiae transition from the mass velocity, determined by the im-
prospects for using these materials to protect against higtpact adiabatic curves of the interacting bodigs, the pen-
velocity impact? To understand the behavior of ceramics etration velocity. In other words, this branch describes the
under these conditions, it is important to study the time evoiransition from shock wave displacement of the contact sur-
lution of the penetration of an impacting body. This is be-face to actual penetration.
cause the resistance of brittle materials to penetration should The second section corresponds to penetration at varying
depend strongly on time, unlike that of plastic materials. Ex-velocity. Here the velocity changes from a certain minimum
isting studied™ provide qualitative confirmation of this be- at the onset of penetration to a nearly constant value.
havior but cannot be used to establish any general laws gov- The third section corresponds to constant-velocity pen-
erning the change in the penetration parameters over thetration.
entire process. The actual penetration process can therefore be arbi-

The aim of the present study was to investigate the kitrarily divided into two stages: a first, low-velocity penetra-
netics of penetration of deformable metal rods into ceramic#on stage and a second, quasisteady penetration stage.
of different composition with a high degree of time resolu-  The effective penetration resistance can be estimated
tion over the entire interaction process. from the data on the penetration velocity. By this we under-

The investigation was carried out using a four-framestand the resistance due to the strength of the material,
pulsed x-ray system with an exposure-00.1 us (working ~ supplementing the inertial penetration resistance. The effec-
voltage 400—-450 kY, Data were obtained experimentally on tive penetration resistance can be calculated using the famil-
the position of the rod in the ceramic at specific fixed timeiar AlekseevskirTate equatioh’
points to within 0.1us. By differentiating the position-time 2 _ 2
curves obtained, we were able to determine the time depen- paUTI2+ R=pa(V=U)T/2HY,
dence of the penetration velocity, which uniquely characterwhere p, and p, are the density of the medium and the
izes the resistance to penetratfon. striker, respectivelyV is the impact velocityl is the pen-

The ceramics were subjected to impact by soft steel andtration velocity, andR andY are strength parameters of the
plastic tungsten alloy rodé&3 mm in diameter and 30 mm medium and the striker, respectively.
long) at velocities between 1300 and 1600 m/s. Calculations using this system are fairly standarbut

The experiments were carried out using samples made afe appreciate that they are rather approximate. Strictly
silicate glass, boron carbid®,C), silicon carbide(SiC), a  speaking, the above equation only applies to penetration into
70/30 mixture of aluminum nitride and titanium nitride plastic media as opposed to penetration into a disintegrating
(AIN/TiN ), and aluminum oxid€Al,03). The samples were brittle medium. Nevertheless, even an estimate of the change
100 mm thick and had transverse dimensions 020 mm in the effective resistance with time may give some indica-
and 40<40 mm. Different transverse dimensions were usedion of the kinetics of brittle damage during penetration.
in order to investigate the influence of damage from the side  Figure 2 gives the effective resistanBe-Y as a func-
surfaces. The thickness of the samples eliminated any influion of the timet after impact for A}O5; under impact by a
ence due to damage at the rear free surface throughout tis¢eel rod at a velocity of 1600 m/s. These data suggest that
interaction process. the effective resistance decreases progressively. A compari-

Figure 1 gives the penetration velocity as a function son between Figs. 1 and 2 indicates that the material pos-
of the timet after impact for AIN/TIN (1), Al,O; (2), B,C  sesses the highest resistance at the first, low-velocity stage of
(3), SiC(4), and silicate glasé) under impact by a steel rod the interaction. The first stage terminates when the strength
at a velocity of 1600 m/s. These dependences show commasf the material is exhausted. In the second, quasisteady stage
behavior for the various materials studied: three characterighe effective resistance falls to a negligibly low level and the
tic sections can be identified on all the curieét). penetration velocity is close to the constant value calculated
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FIG. 1.
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using the hydrodynamic mod®In other words, the penetra- The duration of this stage and the minimum penetration
tion resistance is inertial and is determined only by the denvelocity for a given obstacle material depend strongly on the
sity of the interacting bodies. sample geometry and on the pressure at the contact surface,

This change in the penetration resistance of brittle medigyhich is determined by the impact velocity and by the den-
can logically be related to their damage kinetics. Two limit- sity of the striker.
ing cases can be identified in the interaction between brittle ™ 11 oq experimental data show that as the transverse di-

media and a striker: the first is deformation of the striker at, ensions of the sample are reduced, the duration of the low-

the surface of the undamaged ceramic under conditions Sim\'felocit enetration stage becomes shorter. The samole is
lar to deformation at a “rigid wall” U=0), and the second y b 9 ' P

is motion in a medium devoid of strength. In the real process(,jamaged more intensively under the action of tensile stress

a gradual transition takes place from the first to the seconaVes propagating from the free side surfaces. The time of
regime, causing a progressive drop in the penetration resig'fival of these waves at the contact surface naturally de-
tance. From this it can be seen that the high strength dpends on the size of the sample. The minimum penetration
ceramics under impact is determined by the first, low-velocity does not vary as the transverse dimensions of the

velocity penetration stage, and specifically by its durationsample decrease. This is because in the selected sample ge-
and minimum penetration velocity. ometry the tensile stress wave does not reach the contact

Rt-Yp, GPa
8

FIG. 2.
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surface before the minimum penetration velocity is estabereasing as the damage to the ceramic increases, and the

lished. second stage consists of quasisteady penetration in a medium
These data indicate that as the impact velocity and thelevoid of strength. A high level of penetration resistance is

density of the striker are increased, the minimum penetratioobserved in the first stage and this is the stage that deter-

velocity increases and the low-velocity penetration stage bemines the high efficiency of ceramics as a construction ma-

comes shorter. This is because of the increased shock-waterial under intense dynamic loading.

load on the material which accelerates the initiation and evo-

lution of brittle fracture in the sample. 'S. Bless, Z. Rosenberg, and B. Yoon, Int. J. Impact End.65(1987.

; ; ; i< 2J. Stemberg, J. Appl. Phy85, 3417(1989.
. It can be s.een from.Flg' 1 that the penetratl_on I(metICS3E. L. Zil'berbrand, N. A. Zlatin, A. A. Kozhushko, V. I. Polozenko, G. S.
differ substantially for different samples. In particular, the p,gachev. and A. B. Sinani, Zh. Tekh. F58(10), 54 (1989 [Sov. Phys.

low-velocity penetration stagehigh resistance is less Tech. Phys34, 1123(1989)].
clearly defined in glass, which has the lowest strength, hard“G. E. Hauver, W. A. Gooch, P. H. Netherwood, R. F. Benck, W. J. Perc-

ness, and fracture viscosity. Further studies are required tc)iballi, and M. S. Burkins, Proc. 13th Int. Symposium on Ballistics, Stock-
" ) ’ i ~ ““holm, 1992, pp. 257-264.
examine the correlation between the physwomeChamcakD. Orphal, R. Franzen, A. Piekutowski, and M. Forrestall, Int. J. Impact.

characteristics and the parameters of the penetration processng. 18, 355(1996.
for ceramics. ®M. A. Lavrent'ev, Usp. Mat. Nauk12(4), 41 (1957).

In conclusion, the kinetics of the penetration of deform- Y& B: Zeldovich and Yu. P. RaizeRhysics of Shock Waves and High
) . . . Temperature Hydrodynamic Phenomeiéols. 1 and 2, transl., of 1st
able rods in ceramics has therefore been investigated comyyss. ed(Academic Press, New York, 1966, 19§Russ. original, 2nd

prehensively over the entire interaction process. It has thused., Nauka, Moscow, 1966
been possible to show for the first time that high-speed pen-gx- ?- ?'eﬁs‘ﬁﬂevsﬁl F'fr']Z- Ggm]-%a'g\gz?/ggz' 99 (1966.
etration in brittle materials involves a two-stage process. The T2t J- Mech. Phys. Solids5, 387 (1967.

first stage involves low-velocity penetration, the velocity in- Translated by R. M. Durham
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Coupled vertical microcavities
M. A. Kaliteevskit

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 18, 1996
Pis’'ma Zh. Tekh. Fiz23, 74—78(February 12, 1997

A design is proposed for a device consisting of two optically coupled vertical microcavities. It is
shown that interaction between two localized optical modes in the coupled microcavities
induces mode splitting. The feasibility of using this design to develop optoelectronic devices is
analyzed. ©1997 American Institute of PhysidS1063-785(107)01402-X

It is common knowledge that if two oscillators of arbi- idea is shown in Fig. 1. This device consists of two micro-
trary type, having the same resonant frequencies, are coupledvities having a single common central mir(&R). Cavi-
by some type of interaction, the resultant system will posseses 1 and2 are positioned on either side of the central mir-
two resonant frequencies positioned symmetrically about theor. The structure is bounded on the outer sides by mirrors
resonant frequency of the noncoupled oscillators and th8R1 and BR2.
splitting of the resonant frequencies will increase as the Coupling between the first and second cavities will be
strength of the coupling interaction is increased. most efficient if their natural frequencies are matched.

One manifestation of this effect, known as Rabi splitting ~ We shall analyze the optical properties of such a struc-
and Rabi oscillations, was observed in semiconductor sysure. Curvel in Fig. 2 gives the transmission spectrum cal-
tems at the beginning of the ninetledin a study of the culated by the method of transfer matritésr a single free
interaction between localized optical modes and excitons imicrocavity whose mirrorgreflection coefficient 0.99are
semiconductor quantum-well microcavities. This observatiorformed by twelve pairs of quarter-wave layers having refrac-
acted as the stimulus for numerous theoretical and expertive indices of 3.0 and 4.0, respectively. The microcavity has
mental studies on this topic. Another reason for the interesa refractive index of 4.0 and its thickness corresponds to the
in semiconductor cavities is that they are used to develogvavelength of light in the material(known as a
vertical-cavity emitting lasers.

A typical microcavity consists of a cavity bounded by
two Bragg reflectors. The reflectivititransmissioh spectra

of these structures exhibit structulein the form of narrow J
deep troughgpeaks whose spectral position matches that of 1-
the localized optical modes of the microcavity. 1 3

Although considerable attention has been paid world-
wide to the study of microcavities and their potential for
developing various optoelectronic devices utilizing Rabi
splitting and Rabi oscillations, there are no reports of the
construction or development of such devices. The main rea-
son for this is the very specific conditions needed for the
efficient manifestation of exciton effec{se., the need to
maintain low temperaturg¢gand also the fact that the required
exciton parametersuch as the oscillator strengttannot be
varied widely.

All these difficulties can be surmounted by developing
an experimental structure in which the localized optical 2
mode interacts with another localized optical mode rather

N \

than with an exciton. A design capable of implementing this
| ! T ¥
1.362 1.364 1.366 1.368 1.370 1.372

BR1|| Cavity 1|[ |BR{ || cavity 2|{BR2

— LR ] wes LICH j——
T E, eV
FIG. 2. Calculated transmission spectra fbri— single free cavity2 —
coupled microcavities for which common mirror has a reflection coefficient
of 0.9993, and3 — coupled microcavities for which common mirror has a
FIG. 1. Diagram of structure. reflection coefficient of 0.996.
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\-resonator. The media bounding the microcavity had unity active medium is inserted into one of the cavities, the struc-
refractive indices. The cavity parameters were selected swmre will operate as a laser whose emission is modulated at
that they were similar to those of the structures studied exthe beat frequency, so that this structure may be used to
perimentally. It can be seen that the transmission spectrumenerate electromagnetic radiation in the terahertz range.
has a single peak. In addition, this design of coupled microcavity system
Curves?2 and 3 give the transmission spectra for the allows separate electrical control of each cavity, which ex-
coupled microcavities. In both cases the outer mirrors contends the scope for using the proposed structure in various
sisted of twelve pairs of layergeflection coefficient 0.999 optoelectronics applications.
For case2 the common mirror was formed by fifteen pairs of The author would like to thank E. L Porthfor useful
layers (reflection coefficient 0.9993and for case3 it was  discussions.
formed by twelve pairs of layergreflection coefficient

0.996. The cavity parameters in the coupled microcavity | . o _

systems were the same as those for the free cavity. The mefét:"’gésgg‘i‘ih('lgﬂéa'\"Sh'o"a' A. Ishikawa, and Y. Arakawa, Phys. Rev.

dia bounding the structure had refractive indices of unity. 2g jioudre, R. P. Stanley, U. Oesterle, M. ligems, and C. Weisbouch,
It can be seen that the transmission spectra for the sys-phys. Rev. B49, 16 761(1994.

tems of coupled microcavities each have two peaks pOSi-3J- Tignon, P. Voisin, C. Delande, M. Voos, R. Houdre, U. Oesterle, and R.

tioned symmetrically relative to the natural mode of the free 42: S\farll'z\%g:y:hge&: 'f_ﬂié ﬁ?eg/(slk??zb id State Commuss, 859

microcavity. The mode splitting depends on the reflection (1995

coefficient of the common mirror and decreases as this coef2E. L. lvchenko, M. A. Kaliteevski, A. V. Kavokin, and N. A. Nesvihzskii,

ficient increases. By altering the parameters of the commonJ: Opt. Soc. Am13, 327 (1996 _ o

mirror, the mode splitting can be varied quite appreciably. \slia?:vcogglejngé/?ng?fggap' Schwendimann, and A. Quatropani, Solid
The mode splitting may induce beats in the optical signal7;y | jewell, J. P. ’Haribson, A. Scherer, Y. H. Lee, and L. T. Florez, IEEE

emitted by the coupled microcavity system at a frequency J. Quantum Electror27, 1332(1993).

coinciding with the mode splitting. For ca8dhe splitting is 8M. Born and E. Wolf, Principles of Optics 4th ed.(Pergamon Press,

3 meV, which corresponds to a beat frequency of 0.6 THz Oxford, 1969 [Russ. transl. Nauka, Moscow 1973

and for case3, it is 5 meV corresponding to 1 THz. If an Translated by R. M. Durham
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Diffraction of light by a pseudodeep holographic grating
S. Ya. Gorelik

Institute of Precise Mechanics and Optics, St. Petersburg (Technical University)
(Submitted May 22, 1966
Pis’'ma Zh. Tekh. Fiz23, 79-83(February 12, 1997

Results are presented of a theoretical and experimental study of the recording of pseudodeep
holograms. A mathematical model is proposed for the diffraction of light by a pseudodeep
hologram structure. An experimental confirmation of the theory has been presented in

Pis’'ma v Zhurnal Technicheskbiziki [Tech. Phys. Lett.]. © 1997 American Institute of Physics.
[S1063-785(17)01502-4

A method of recording and reconstructing images usinghorizontal and the vertical planes. A similar pattern will be
pseudodeep holograms has already been propdsewl a  observed if the wavelength of the reconstructing light is al-
graphical method to construct the image reconstructed byered.
this type of hologram has been suggestdd.the present It is easy to show that if, in the reconstruction stage, the
paper we propose a mathematical model of the diffraction opatial frequency along the axis changes by
light by a pseudodeep holographic grating. ] ]

Let us consider the interference that takes place between A¢=SiNO(u cOSAO—1)+u sinAOcosO;, (3)
two plane waves, an o_bject wav and a reference wave whereu=\/(A+A\), then the chang&®, in the diffrac-

R, Whose.complex amplitudes are described by the.funct|ont=fOn angle in the horizontal plane may be determined from
S=exd —jk(y sin®q +z cos®g)] and R=ex —jk(y sin®, 4 expression
+2z cos0,)], where sin®,, cos0,, sin®,, and cod, are
the direction cosines of the object and reference waves, re- sin(@y+AB@y)=sin Oy+Agp. (4
spectively,k=2mn/\ is the modulus of their wave vectors, ]
\ is the wavelength in vacuum, amdis the refractive index This change causes the spatial frequency of the reconstructed
of the medium in which they propagate. In the planeWave along the axis to change by
z=xcotB of a photographic plate inclined at the angleto _ TR ;
the Y Z horizontal plandFig. 1(a)), the complex amplitudes AWo=cotpcosBo(n cosaBo—1) MSInA@OSIn@O]'@
of these waves will be given by
) . However, a change in the direction of propagation of the
S=exf — jk(y sin ©o+x cot B cosBy)], reconstructing wave also alters its spatial frequency along the
_ o @ . x axis by AW, , which is determined from expressi¢s) by

R=ex ~jk(y sin @ +x cot § cos®,)], @) replacing “0” with “r.” According to the fundamental dif-
and the intensity distribution of the standing wave producedraction equation however, the difference in the spatial fre-
by the interference of the wavés) will be given by guencies of the reconstructing and reconstructed waves
should remain constant. It is easily shown that this condition
can be satisfied if the diffraction angle in the vertical plane

—c0s0,)]} +exp{jk[y(sin(@y—sin O,) changes by
+x cot B(cos®y—cos0,)]}. (2) AB=~AT,— AV, ~(0,—0y)A06, cot B, (6)

| =2+exp{—jk[y(sin ®g—sin O,)+x cot B(cosB

In expressiongl) and(2) the factors multiplyingk andy in
the exponents are the spatial frequencies alongcthady
axes of the gratings, which are the projections of the traces of X
the intersection of the equal-intensity planes of the object,
reference, and standing waves with the plane of the photo-
graphic plate on the=0 plane(Fig. 1(b)). Note that these
are always the spatial frequencies referred to subsequently.
Let us now consider the reconstruction of the object
wave by this grating. Assume the grating to be illuminated at g
the reconstruction stage by a wave whose wave vector lies in
the YZ plane and whose direction of propagation differs
from that for the recording process ®, . By direct sub- 0
stitution, it is easy to establish that the spatial frequencies of , _ , o
the reconsiructing wave along both theand x axes will |15, DAY Sioung he recoiing o peevdodeen tansiesr v
differ from those of the reference wave in the recording pro-equat-intensity planes of the wave with the plane of the photographic plate
cess. As a result, the diffraction angles are altered in both thento thez=0 plane(b).
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and in general, the complex amplitude of the reconstructed
wave can be described by

Sou=XP — jK[Yy sin(@y+A0B)
+x cot( B+AB)cogOy+AB )]} (7)

The conditions for vanishing of the reconstructed wave
are determined on the basis of the following reasoning.

1. AB=p. In this case, the reconstructed wave propa-
gates in the plane of the photographic plate.

2. Ap=—p. If this Con_dltlon_ IS _SatISerd, the_ f“”?“‘)” FIG. 2. Diagram showing the recording a pseudodeep reflection hologram in
cot(B+ApB) undergoes a discontinuity and the direction of 4 symmetric dual-beam system.
propagation of the reconstructed wave consequently be-
comes indeterminate. a symmetric dual-beam systeffrig. 2). The spatial fre-

If both the direction of propagation and the incident quency of the grating was governed by the resolution of the
wavelength are altered during reconstruction so that the corplates and was around 1500 mfmin air. The radiation
dition Ap=0 is satisfied, the reconstructed wave will obvi- source was a=0.4416 um He—Cd laser and the angle of
ously propagate in the horizontal plane. Consequently, whemclination 8 of the plate was around 20° from the horizontal
an extended nonmonochromatic source is used for recomplane.
struction, noise which cannot be eliminated by a filtering exit ~ In summary, it has been shown that the object and ref-
slit,? is superposed on the reconstructed image. erence waves, as well as the standing wave formed as a result

It is easy to show that the result of interference of theof their interference, may be represented as equivalent waves
S andR waves recorded in the plarre=x cot 8 will match ~ whose spatial frequencies are determined by the projections
(in the sense of its projection on tke=0 plang the result of  of the traces of intersection of their equal-intensity planes
interference of certain waveé andR, recorded in the plane with the plane of the photographic plate onto #¥e0 plane
z=—Xx cot B. The wavesS,; andR; should be determined as of an equivalent vertical grating. The characteristics of the
follows: S; constructs the real image of the object and propadiffraction of waves by a pseudodeep grating are caused by
gates in the direction defined by the an@le, while R, is  changes in these spatial frequencies as the reconstruction
the reference wave whose direction of propagation is definedonditions change.
by the angle®,. From this reasoning it is clear that because  In conclusion | should like to thank Yu. N. Denisyuk for
of the difference in the spatial frequencies of the waRes useful discussions and also for kindly giving me the oppor-
andR;, when the pseudodeep grating is illuminated by wavetunity to carry out the experiments.

R, the reconstructed wav® will propagate outside the hori- yu. N. Denisyuk, Pisma zh, Tekh. FiAS®), 84 (1689 [Sov. Tech

zontal plane. , Phys. Lett.15, 323(1989].
It is easy to see from expressiofi$) and (2) that @  2yy. N. Denisyuk, Pisma zh. Tekh. FiZ8(2), 15 (1992 [Sov. Tech.
reflection grating can also be recorded on a thin pseudodeegPhys. Lett.18, 31(1992].

hologram and all these conclusions should still apply to this YSU N-P'?]e”is%/“khansh’\‘ég"f;fzfer”' Zh. Tekh. FEO(11), 154(1990
grating. This is confirmed by experiments in which a reflec- [Sov. Phys. Tech. Phy85, 1321(1990).
tion grating was recorded on FP-R photographic plates usingranslated by R. M. Durham
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Temperature-concentration dependence of the correlation length of concentration
fluctuations in liquid binary systems

E. V. Kalashnikov and A. G. Ambrok

Institute of Problems of Machine Science, Russian Academy of Sciences
(Submitted November 27, 1996
Pis’'ma Zh. Tekh. Fiz23, 84—88(February 12, 1997

An analysis is made of the correlation length of the concentration fluctuations in liquid binary
systems over a wide range of temperature and composition. A quantitative relationship is
obtained between the correlation length, the concentration, and the temperature. It is shown that
the correlation length is determined by regions of different thermodynamic stability of a
homogeneous solution, bounded by binodal and spinodal curved.999% American Institute of
Physics[S1063-785(07)01602-9

The correlation length of the density fluctuations de-  The aim of the present paper is to determine the corre-
scribes the interatomic interaction characteristics and behavation length as a function of composition and temperature,
ior of a system. It is a unique measure of the spatial indeallowing for instabilities in the formation of the interface.
pendence Of the f|uctuati0ﬁ@n tl’ansition fl’om a Single- In Refs' 8 and 9 the thickness Of the Surface |ayer was

component to a binary system, concentration fluctuationgjefined as the number of monatomic layensith the con-
begin to play an important role. However, the temperaturé—+eqyationk(® differing from the average bulk concentration
concentration dependence of the concentration correlation i the thickness of the surface layer in a single-
length & is unknown over a wide range of temperature amf(' . ) .
- o . . component system is equal to the density correlation lehgth,
composition. This indeterminacy @f (over a wide range of
temperature and compositipmeans that we cannot assess
how the thermodynamic state of a melt influences its transi-
tion to a solid. In particular, the approximation of statistically
independent concentration fluctuations is usually used when
analyzing liquid—solid phase-transition problefriEhis cor-
responds to a correlation length comparable with the inter-

atomic spacing$,and similar properties of the binary melts
regardless of the interatomic interact ion characteristics.
In many binary systems howevdin eutectics, for 12
instancé®), at specific temperatures and compositions them(t) / c
liquid state is characterized by a nonuniform concentration 1 Te |
structure of the melt. It may be postulated that this concen- ] T —_
tration nonuniformity is the result of strong correlations be- a
tween the concentration fluctuations in the nidrhis behav- ¢ ] : —
ior of the melt suggests that the correlation length of the . 1 ( 'I d
concentration fluctuations will depend on the initial compo- 2 !
sition of the melt and its temperature. @) 3’ 30 b
In order to assess how the correlations of the quctuationsx | 204
in the liquid system influence the liquid—solid transition, es-
pecially vitrification (or amorphizatioh at various composi- 1 Xy b 10 1 a
tions and temperaturgand crystallizatiors,it is important to 0. L — t I/} S
know the temperature—concentration dependence of the con- x — f

centration Corr8|.atlon. Ieng_tﬁ in a binary liquid system. . FIG. 1. Distribution of the concentratior® of componentB over the

. In order to identify '.[hIS dependence §f we bear_m monatomic layerd and of the correlation lengtlj as a function of the
mind that strong correlations of the fluctuations are typical ofconcentratiorx of the same component in the bulk of the systerc for
critical phenomené.lt is known from the theory of inter- various temperaturea — for T>T. and b — forT;=T<T,. The concen-
phase critical phenomeh#hat the correlation length of the fra“onts are ,g'g?“t'”datt)‘)”:;f frac“‘;”fif 21?3”‘3 “U"T“EEVE ((’jf fgonatom'?

: : G ” . _layerst are indicated by the numbers=1, 2,3, . ... Theshaded areas o
f!ucwa‘tlons IS equa' to the “thickness” or ?Oncentrat',on pro the figures correspond to the number of monatomic layers from which the
file of the surface layer. For a more detailed analysis of th&ystem may be composet— boundaries of different thermodynamic sta-
surface(or interface the authors of Refs. 8 and 9 developed bility of the component distribution over the monatomic lay®is:— decay
an approach to calculate the number of monatomic Iayer%?Ft’ﬁ'a’S? Sp”;(_’dt"%'bﬂ:_fvey,f"/" L —Sta?le_' n:etaStabfley a”dtlab','e IStateS_
forming the surface layer and to take into account instability> = c_unrorm distribution of components in terms of monatomic layers;

. e . T, — critical temperatures,<T.. d — correlation length: curve corre-
of a uniform random distribution of atoms of both compo- sponds toT>T,, curveb corresponds td=T,<T,, and the dashed line

nents in terms of monatomic layers. corresponds to an unbounded number of monatomic layers.
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of monatomic layers in the model causes an unbounded in-
crease in their number in the labile region. Thus the correla-
tion length& becomes equal to the linear dimensions of the
system. In other words, the difference between the surface
layer and the bulk disappears. In the range of compositions
and temperatures bounded by the spinodal curve, the system
is coherent, i.e., completely coupled, and behaves as a single
entity.

An interesting situation arises in a system exhibiting in-
verse behavior of the concentration in the monatomic layers
FIG. 2. Distribution of the concentratior® of componentB over the (Flg' 2)’ which OCCWS, when th,e surface energies of the pure
monatomic layers as a function of the concentrationof the same com- components are similar. In this case, regardless of tempera-
ponent in the bulk for a system with inversion of the distributiorat; for ~ ture, the component distribution over the monolayers of the
T<T.. surface region becomes inverted for the compositianThe

temperature-concentration dependencé appears to break
f . . down into two intervals. However, the change in the thick-
or a binary system the correlation length of the concentra- o .
tion fluctuations is ness_of the surface layer for each concentration interval is
identical.

t=¢. By applying the concept of the instability of a homoge-

g heous solution and studying the surface properties, it has
tgms been possible to determine the temperature—
fconcentration regions of different behavior of the correlation
length in a binary system. In the range of compositions
bounded by the spinodal curve, the “thickness” of the inter-
face as a quantity characterizing the surface disappears. The
system, from being strongly inhomogeneous, becomes
coupled, or coherent, and the correlation length becomes
Wual to the linear dimension of the system.

In Ref. 8 illustrations are given for a model with a fixe
number of monatomic layers. In this paper we present resul
of calculations for a model with an unbounded number o
monatomic layers. Specifically, when an interfasarface
is formed (Figs. 1a and lbat temperature§ below the
critical temperaturd ., regions of different thermodynamic
stability are formed within the random distribution of atoms
of both components over the monatomic layéFiy. 10.
These regions are bounded by decaying cupola curves and
a spinodal curve and are determme_d by th_e ratio Of_the IN-13.s. Rowlinson and B. WidonMolecular Theory of CapillaritClaren-
terchange energycomposed of the interaction energies of don Press, Oxford, 1982ZRuss. transl., Mir, Moscow, 1986
like and unlike atomsto the temperature. As can be seen *A. A. Chernov, E. I. Givargizov, Kh. S. Bagdasarov, L. N. Dem'yanets,

; ; ; V. A. Kuznetsov, and A. N. LobacheWlodern Crystallographyin Rus-
from Figs. 1c and 1d, in the region of stable states of the siar]. Vol. 3. Nauka, Moscow1980.

uniform Q|str!butlon of componentsT(> Tc)j the correlation 3V. M. Zalkin, Nature of Eutectic Alloys and the Contact Melting Effgt
length ¢ is fairly small: £~ 1-3 monatomic layers. Russian, Metallurgiya, Moscow(1987).

The number of monatomic layers increases as the temfs‘E- V. Kalashnikov, Rasplavy No. 3, 40990.
perature approaches the critical temperature and falls belowYY: S: Tveryanivich, E. V. Kalashnikov, O. V. IFchenko, and A. G.
. . Ambrok, Fiz. Khim. Stekla22, 291 (1996.
it. In _the stable_ and metastable regions the number of MONSs. A Kukushkin and D. A. Grigor'ev, Fiz. Tverd. Tel&t. Petersbuig
atomic layers increases slowly: two or three monolayers in 38, 1262(1996 [Phys. Solid Stat@8, 698 (1996].
the stable region and three or four in the metastable region?A. Z. Patashinskiand V. L. Pokrovski, Fluctuation Theory of Phase

At corresponding temperatures in the labile regibaunded Iﬂrg‘;‘sg\';’”fgf;rgamo” Press, Oxford, 197¢Russ. original, Nauka,

py the spinodal curyethe value ofé increasgs abruptly and  sa G. Ambrok, S. N. Golyandin, and E. V. Kalashnikov, Poverkhnost’ No.
is equal to the number of all the monatomic layers assumed4, 137(1989.

in the model.(As an example for comparison, for a model °A. G. Ambrok and E. V. KalashnikovCrystal Growth[in Russiaf, Vol.
with t=40 monatomic layers the correlation length is 18 Nauka. Moscowl990, pp. 5-17.

£=40, Fig. 1d. In fact an unbounded increase in the numberTranslated by R. M. Durham
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Mechanically-induced electrical effects in natural dielectrics
V. S. Kuksenko and Kh. F. Makhmudov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 2, 1996

Pis’'ma Zh. Tekh. Fiz23, 89—-94(February 12, 1997

An investigation is made of the generation and relaxation of an electric field in natural dielectrics
exposed to mechanical loading and applied electric potentials. It is shown that these
processes are identical. @97 American Institute of PhysidS1063-785007)01702-3

It has been established that when dielectrics are sutshown schematically in Fig. 1. The induced electric potential
jected to mechanical loading, electric fields are generated iwas measured by a noncontact method using a high-
them®2 This phenomenon is well known for piezoelectrics. sensitivity electrometefa dc amplifier with a high input re-

In Refs. 3 and 4 the generation of electric fields accompanysistance>10'%Q)). The recording element was a protir)

ing the deformation of ionic crystals is attributed to the mo-in the form d a 5 mmdiameter disk shielded on three sides
tion of charged dislocations. The treatment of these effects i® reduce noise. The main parameters of the electrometer
more complex for dielectrics which do not exhibit the piezo-were: frequency bandi=10°—1¢ Hz, time for leakage of
electric effect and in which the motion of dislocations can beinduced charge through electrometer entrance slit
neglected. Such materials especially include various natural=2x10* s, sensitivity U, =0.05 mV, and zero drift
dielectrics. ~0.2 sV/min.

However, mechanically-induced electrical effects in The real behavior of the leakage of the induced charge is
natural materialgrocks are interesting for practical pur- extremely important in our experiments, as will be shown
poses. It is known that earthquakes are preceded by electreubsequently. To determine this we carried out the following
magnetic effects whose nature has not been fully explainedgxperiment. The measuring probe was positioned at a dis-
In the present paper we attempt to make a combined study ¢énce of 1.5 mm above a metal plate, parallel to the plate.
the electrical polarization observed when dielectrics are subFhe plate was first grounded and the zero drift was measured
jected to mechanical loading and when weak electric potenfor some time. A potential of-2 V was then applied to the
tials are applied to these samples. The main specimen erplate at timet; (Fig. 2. The jump indicated that an induced
ployed in our investigation was marble, which does notchargeq had appeared at the recording probe of the elec-
exhibit the piezoelectric effect. The samples were subjectettometer and its flow was measured continuously. The half-
to loading in the range where the motion of dislocations carife for the decay was-15 min, close to the calculated value.

be neglected. It should be noted that the induced charge appeared almost

instantaneously at the measuring probe. For our measure-
METHOD OF MEASUREMENT AND EXPERIMENTAL ments it was sufficient to note that the rise time waB.1 s
RESULTS and the decay was negligible over 1-2 min.

We shall now discuss the direct measurements on the

The samples were cut from natural marble in the form ofsamples. In the electrical polarization experiment the sample

25X 25X40 mm prisms. The experimental apparatus is(s) was mounted on a grounded platform and a copper elec-
trode was clamped to the upper face of the saniigig. 1).

The measuring probe of the electrometer was positioned

‘P close to the side surface of the sample, at a distance of 1.5
u mm. The electrode was initially grounded andrthe 2 V
S g | arb. units
_I. p
T :
p
20
10 1
177777 77777777277 12 J
FIG. 1. System for noncontact measurement of the electrification of a 20 40 Z, min
sample using a prob@r) when a dc voltag€U) is applied to the samples)
and the sample is subjected to a uniaxial compressive (Bad FIG. 2. Flow of charge in electrometer.
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FIG. 3. Time behavior of induced chargg.f when an electric potential 20 i z,s

U=2 Vis applied to the sample. o . o
FIG. 5. Relative time dependence of induced chatge: on application of

electric potential an@ — under mechanical loading.

potential was applied at timig (Fig. 3). The charge induced
at the probe increased until it saturat@dirve 2 in Fig. 3).
When both electrodes were then grounded, the charge r - )
laxed (curve 3 in Fig. 3 and the rise and decay time of the WaS kept constant for some time. An induced chargg (
induced charge was the same in both cases. gppeared at the recording prqbe and then relgxed. When the
We shall now consider the electrification of the sampleinduced charge had almost disappeared, at tinéne load

under mechanical loading. As in the first case, the recordin§’@S removed. An induced charge of opposite polarity ap-
probe was placed parallel to the side face of the sample atRgared at the probe and then relaxed with the same half-

distance of 1.5 mm from the surfa¢Big. 1) and the zero decay time as that observed after loading. _
We shall now compare the relaxation of the induced

charge under mechanical loadifignloading (Fig. 5, curve

1) and under application of an electric potenti&ig. 5,

curve 2). For purposes of clarity the value of the induced
a charge €) is normalized to its maximum in both cases. It
can be seen that the decay of the charge is almost identical in
both cases. This particularly suggests that the physical nature
of the charge carriers causing the relaxation of the electric
73 field is the same under mechanical loading and under an
ot applied electric potential. To a first approximation the relax-
#p | arb. units . ation of the induced charge may be described by first-order

drift was measured for some time. At time (Fig. 49 a
&iniaxial compressive loa@P) was applied to the sample and

P { arb. units

!
30 | b kinetics. We subsequently propose to investigate the relax-
201 ' ation of the induced charge at different temperatures, which
wl ! will allow us to estimate the activation energy of the process
] : . and discuss the nature of the charge carriers more precisely.
[ s el . L
20 W 80

E | ParkhomenkoElectrification Effects in Rockisn Russian, Nauka,
Moscow (1968.

2V. S. Kuksenko, R. Sh. Kil'keev, and M. I. Miroshnichenko, Dokl. Akad.
Nauk. SSSR250, 481 (1981).

3A. N. Kulichenko and B. I. Smirnov, Fiz. Tverd. Telaeningrad 26, 11
3294(1984) [Sov. Phys. Solid Stat26, 1980(1984].

4V. 1. Nikolaev, N. A. Pertsev, and B. |. Smirnov, Fiz. Tverd. Tela
(Leningrad 33, 93 (1991 [Sov. Phys. Solid Stat83, 51 (199J)].

FIG. 4. Sample loading diagrafa) and time variation of induced charge at
probe (b). Translated by R. M. Durham
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Properties of the electron channel in single GalnAsSb/ p-InAs heterostructures

T. I. Voronina, T. S. Lagunov, M. P. Mikhallova, K. D. Moiseev, S. A. Obukhov,
A. E. Rozov, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 11, 1996
Pis'ma Zh. Tekh. Fiz23, 1-6 (February 26, 1997

An investigation is carried out on the properties of the electron channel in a broken-gap isotypic
type Il GalnAsSkp-InAs heterostructure and their dependence on the doping level of the
quaternary solid solution with a donéfe) and an acceptaoiZn). The Hall mobility decreases

(by more than two orders of magnitydeith increasing acceptor concentration. The

Shubnikov-de Haas oscillations are observed at low temperatlires1(5—20 K and the

electron effective mass is determined,(=0.026n;), along with some other parameters of the
heterostructure. €1997 American Institute of Physid$$1063-785(17)01802-9

Heterostructures based on solid solutions of GalnAsSisamples as a function of the amount of impurity introduced
on the isoperiodic substrates GaSb and InAs are the subjedtgto the solid solution. With light doping of the solid solution
of intense study as prospective materials for infrared sourcede <10 2 at.%, Zn<4x 10 3 at.% the Hall mobility re-
and photodetectors in the range 2x8.17° mained high (,,=40 000—50 000 c&iV - s) as in the layers

It has previously been determined that the systenof undoped solid solutions. At higher tellurium doping levels
p-GalnAsSh/p-GaSb &,y<0.2) are stepped type Il het- (Te >10"3% at.% the mobility decreased smoothly to
erostructures, while the systenp-GalnAsSk /p-InAs  uy=10 000 cm/V-s, and for heavy doping with zin€Zn
(x,y<0.2) is a broken-gap type Il heterostructure with an>4x10 2 at.%), the mobility fell off very abruptly, by
offset of about 60—100 meV between the conduction bandnore than an order of magnitude.
and the valence band of the quaternary heterostruétiisea It is interesting that in the samples heavily doped with
result of the overflow of electrons from the valence band oftellurium or zinc the Hall mobility ¢, =Ro) was found to
the wide-gap solid solution into the InAs conduction band of,depend on the magnetic fielffig. 2). In the samples with a
electron and hole channels are formed at the heteroboundahjgh concentration of tellurium, the mobility fell at low fields
of this structure. The presence of these channels to larggH<5 kOe), while for H>5 kOe it tended to a constant
measure governs the transport properties of these heterwalue u,~5000 cni/V- s, which is comparable with the
structures. mobility in epitaxial layers of a solid solution of similar

In Ref. 8 we observed for the first time a high electroncomposition doped with telluriufi.The dependence of the
Hall mobility (u,=50 000—70 000 cA1V - s) in the isotypic  mobility on the magnetic field indicates as a rule that two
heterostructuresp-GalnAsSh, /p-InAs (x~0.17y~0.22)  kinds of carriers take part in the conductithin the case of
with undoped layers of the solid solution, which was ex-heavy tellurium doping, these are probably the high-mobility
plained by the existence of archannel at the heterobound- electrons in the channel and current carriénsaddition to
ary. The doped solid solutions of this composition alwaysthe electronswith a lower mobility in the epitaxial layer,
had p-type conduction with a hole concentration which as a result of overcompensation by donors becomes an
p77=2% 10 cm™2 and a mobilityu,,=2000 cni/V-s. n-type material with a mobilityu,;~5000 cn?/V-s.

In this paper we describe our studies of the properties of When the solid solution is heavily doped with an accep-
the electron channel and their dependence on the dopirigr (Zn>4x10 2 at.% the falloff in the mobility with in-
level of the solid solution with tellurium and zinc, which creasing field is associated with a sharp decrease in the Hall
were introduced into the flux in amounts 18-10"2 at.%. coefficient to the point where it reverses sigfig. 2, sample
The quaternary solid solutions in the Galn,As;_,Sb,  5). This dependence may observed in the simultaneously par-
(x=0.17,y=0.22) heterostructures were grown by liquid- ticipation in the conductivity of two kinds of charge carriers,
phase epitaxy to a thickness of @m on high-resistivity ~which differ not only in their mobility, but also in their sigh.
p-InAs(100) substrates and had a hole concentratiorWe suggest that in addition to an electron channel in the
p-7=2x 10" cm 2 and a conductivityo=0.1 S/cm. Mea- heterostructure a hole channel also begins to appear, and that
surements were made of the Hall coeffici@tthe electrical the role of the electron channel in controlling the conductiv-
conductivity o, and the Hall mobilityuy, . Also studied were ity decreases. This may be explained by a decrease in the
the longitudinal and transverse magnetoresistaiit®e  electron density in the channel due to the trapping of the
Shubnikov—de Haas effect at low temperatures carriers in potential relief wells at the heteroboundary. The
(T=1.5-20 K in moderate magnetic fields up to 50 kOe. decrease in the mobility may be due also to the mutual com-
Rectangular samples were cut from the GalnApSbAs  pensating effect of the electrons and the holes at the het-
epitaxial structures and six indium contacts were alloyed inteeroboundary.
the surface of the solid solution. In undoped and lightly doped samples, where the high

In Fig. 1 we present the Hall mobility measured for theseelectron mobility is observed d=77 K, these mobility val-
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FIG. 1. Hall mobility in GalnAsSlg-InAs structures versus the impurity 0
concentratior(tellurium and zing in the solid solution.
ues are retained down to helium temperatures. This behavior
in the mobility is characteristic of structures in which the e
carrier scattering mechanism is governed only by the perfec- )/ 4' 6 ,'2 : /6 2'0
tion of the quantum wellscattering by nonuniformities in H. kOe
’

the heteroboundayy
At T: 1.5-20 K magnetoresistance oscillations are ODF|G. 2. Hall mobility in the GalnAsSptinAs structures versus the mag-
served in these sampléthe Shubnikov—de Haas effeédn netic field strengthl — undoped solid solutior2, 4— solid solution doped
magnetic fields up to 50 kOe. From the temperature depenyith zinc, 3,5 — solid solution doped with tellurium.
dence of the oscillation amplitude we were able to determine
the effective mass of the charge carriers*(=0.026n,),
which is equal to the effective mass of the electrons in
n-InAs—m* :0_026110. This result shows that the 1A, N. Baranov, B. E. Dzhurtanov, A. N. Imekov, A. A. Rogachev, Yu. M.
. . . Shcherbakov, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovaad. 2217
n-channel is Iocateq on the-InAs side. The small effective (1986 [Sov. Phys. Semicon®0, 1385(1986].
mass can be explained by the large width of the quantun®y. k. Choi, G. W. Turner, and S. L. Eglash, Appl. Phys. L&, 2474
well on the InAs sidgmore than 150 4 which leads to a , (1994 o
lower electron trapping energy and a low effective midss. ;g-lg-lgf&“’l"z'g‘grlgéj’;‘- Baranov, A. N. Imenkov, and M. P. Mikhailova,
. From the oscillation period .We glso found the two- “K. D. Moiseev, M. P. Mikhdlova, O. G. Ershov, and Yu. P. Yakovlev,
dimensional electron concentration in the channel to be Fiz. Tekh. Poluprovodr80, 389(1996 [Semiconductor80, 223(1996)].
Ng~10" cm 2 and a well width of~400 A. The Dingle  °X. Gong, H. Kan, T. Yamaguchi, |. Suzuki, M. Aogama, M. Kumagawa,
temperature was found to @e=7-10 K atT=4.2 K, which N. L. Rowell, A. Wang, and R. Rinfret, Jpn. J. Appl. Phyas, 1740
) ’ (1994,
corresponds to a broadening of the quantum levels by 2—3y; p "miknailova, and A. N. Titkov, Semicond. Sci. Te@.1279(1994).
meV. M. P. Mikhailova, I. A. Andreev, T. I. Voronina, T. S. Lagunova, K. D.
In summary, the experimental results that we have ob- Moise_ev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovd® 678 (1995
tained support the supposition that in broken-gap type II8[TSelm\'f:rg‘:#rf;orfg's%f;(g]lugngo?/g M. P. Miktiava. K. D. Moiseev. and
GalnASpr'lnA_S hEterOStructures "fmChanneI IS fc_)'fmed at_ Yu. P. Yakovlev, Fiz. Tekh. PoluprovodB0, 985 (1996 [Semiconduc-
the boundary with the InAs side, with a high mobility that is  tors 30, 523(1996].
retained with light doping of the epitaxial layer either with °T- - Voliﬁmnai B. E. Dzhurtanov, T. S. Lagun%va, and Yu. P. Yakovlev,
donors(tellurium) or with acceptorszinc). At high acceptor (Fl'g'g]T)‘]a - Poluprovodn25, 283 (1991 [Sov. Phys. Semicond®5, 171
doplp_g |e_Ve|S the solid solution exhibits a sharp fa_lloff in the1oc_ Hilsum and A. C. Rose-InneSemiconducting IHV CompoundsgPer-
mobility in the structure, due both to the depletion of the gamon Press, Oxford, 19p[Russ. transl., IL, Moscow, 1963
. . . . . A1 i
n-channel through trapping of the carriers in potential relief Ehl Vf’lt%?;rdee(;e(bfg‘é; G. Jia, M. G. Manasren, and C. E. Stuz, Appl.
wells, and as the result of the mutual compensation of elec-" > =% '

trons and holes at the heteroboundary itself. Translated by J. R. Anderson
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Operation of an electron interferometer with photon illumination of the biprism tip
A. N. Ageev, Yu. M. Voronin, I. P. Demenchonok, and Yu. V. Chentsov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 4, 1996
Pis'ma Zh. Tekh. Fiz23, 7-10(February 26, 1997

A study is made of electron diffraction by an optical fiber, which plays the role of the electrode
of a Fresnel—Mollenstedt biprism. Irradiation of the electrode with the radiation from a low-
power laser causes a change in the diffraction pattern. A tentative explanation for this effect is
proposed. ©1997 American Institute of PhysidsS§1063-785(07)01902-2

During experiments on the electronic Fresnel-attract them, so that the size of the projection correspond-
Mollenstedt biprisnt,which were carried out for the purpose ingly increased or decreased. For high positive potentials the
of investigating the magnetic vector potential of a lightfluxes of electrons passing the two sides of the tip would
beam? it was found that under certain conditions the centralmerge, and a band of enhanced brightness would appear on
electrode of the biprism became charged by fast electronthe screertFig. 2a,9. The length of the projection was mark-
and leakage of the charge under laser illumination. edly reducedFig. 29, and near the apex appeared a pattern

The electronic biprism was placed in the chamber of arsimilar to part of the image of the caustic.
electron microscope between the intermediate and the pro- It can be seen from the pattern of the electron projection
jection lensegFig. 1). The electron energy was 75 keV, and that the tip is always charged positively; i.e., the secondary
the current density in the region of the biprism was con-emission coefficient is greater than unity. Evidently, this is
trolled between 10! and 10°% A/cm?. explained by the grazing incidence of the electrons on the

The central electrode of the biprism was a 8pnade side surfaces of the tip.
from a single-mode optical fiber by local heating and fast ~When the tip was illuminated by a laser the induced
drawing. The diameter of the thinnest part of the tip wascharge leaked out to the metallized part of the tip by virtue of
0.5-2.0um with a vertex angle of 5-10°. The potential of the induced photoconductivity to equalize the potential along
the tip was supplied by an external soutdeand to create the length of the tip. This is indicated by the electron projec-
surface electrical conductivity a layer of chromium 10-50tion pattern(Fig. 2b,d. The change in the size of the projec-
nm thick was vacuum-deposited on the tip. tion can be seen quite well in Fig. 2e, where the photograph

The tip was irradiated with the light fmo a 5 mw  shows the projection when the tip is not illuminated and
He—Ne laser. To increase the energy density the ||ght Wag/hen it is. In the dark the magnitude and distribution of the
focused by a %0.2 microscope objectivé to a point 1-2 charge along the fiber are largely determined by the magni-
pum in diameter. The tip was placed at the focal point of thetUde and distribution of the electric current density.
objective, and the accuracy of its location was monitored by ~ The charge leakage that occurs with illumination could
the optical diffraction pattern of the tip projected on the be controlled by placing the tip directly at the fine focus of
monitor screer®. the laser beam, since the tip did not charge up when the

A dark electron projection of the tip was observed on Placement was optimum.
the screen of the electron microscapat a magnification of
500 (Fig. 2), which was provided by a projection lens. Pho-
tographic filmé was placed over the screen and was exposed
when the screen was lifted out of the way.

During the electron irradiation, particularly with a high
current density, the metallization layer near the apex of the
tip was sometimes damaged. When the electrons impinged
on the glass it charged up, and the destruction of the con-
ducting layer made it difficult for the charge to leak off. The
potential at the apex of the tip was set independently of the
potential applied to the external source, and in the first ap-
proximation the charge was proportional to the current den-
sity of the electron beam.

The magnitude and sign of the potential on the tip rela-
tive to the potential on the chamber walls could be assessed N : 6
from the shape and dimensions of the electron projection.

When the tip had a potential different from the wall potential

it would distort the trajectories of the electrons, which af-~'C: 1. Diagram of how the tip is irradiated by electrons and light—
! microscope objective2 — monitor screen for the light3 — central

feCt_ed the size and shape of the projection. A_negative POsiectrode-tip4 — luminescent screers, — dark projection of the tipf —
tential would repel the electrons, and a positive potentiabhotographic film.
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b
FIG. 2. Dark electron projection of the tip: a —
c U =0, without light, b —U =0, with illumination, ¢ —
U= —30V, without light, d —U=—30 V, with light,
e — U=-30 V, with and without light. The arrows
show a charged particle on the tip.
d
e

The charge leakage from the insulating surface inducefor the inclination is presumably heating of the fiber by the
by the laser beam can be used in an electron microscope aedergy of the light passing through it, since the power den-
electron diffraction equipment to neutralize the surfacesity in the thinnest part of the fiber could exceed Y@/cm.
charge of poorly conducting objects together with beams offhe heating could also be caused by the lack of any heat loss
slow electrons. in the vacuum through convection and the low thermal con-

On the dark electron projections we also observed bendductivity of the fiber.
ing of the tip of a freely-hanging, very thin glass fiber with a This work was carried out with the support of the Rus-
diameter of about um when the laser light passed through sian Fund for Fundamental Resear@@rant No. 95-02-
it. The fiber was prepared and installed in the same mannd€¥4064-a.
as a tip. The light from the 5 mW laser was introduced into
the end of the initial fiber by means of ax®.2 microscope
objective. The curvature of the fiber was proportional to the'G. Molenschtedt and H. Ducker, Phyz45, 377 (1956.
intensity of the light flux and could be repeated reproducibly. “Yu: V- Chentsov, Yu. M. Voronin, I. P. Demenchonok, and A. N. Ageev,
The greatest deflection of the tip was p®n, which corre- Opt. Zh. No. 8, 551996.
sponded to an angle of inclination of about 20°. The reasofiranslated by J. R. Anderson
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Q-switching in single-heterojunction lasers and generation of ultrahigh-power
picosecond optical pulses

G. B. Venus, |. M. Gadzhiev, A. M. Gubenko, E. L. Portnoi, and A. A. Khazan

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 29, 1996
Pis’'ma Zh. Tekh. Fiz23, 11-16(February 26, 1997

Q-switching has been obtained for single-heterojunction lasers. The ultrafast saturable absorber
in the laser cavity is created by implantation of high-energy heavy ions. The peak power
generated by the lasers in a 1abn stripe width is 380 W with a pulse length of 40 ps. 1®97
American Institute of Physic§S1063-785(17)02002-9

The range of application of picosecond light pulses hasssary to produce a high-efficiency saturable absorber, which
greatly expanded in recent years, and new direction in theiin the case of a SH laser is not possible using the multisec-
use have arisen, for example, laser mammography, and higlion design with reverse-biased sections of saturable absorb-
resolution laser ranging. Such a situation calls for the develers, standard with quantum-well lasers. One of the reasons
opment of small semiconductor light sources of picosecondbr this situation is the inadequate speed of existing saturable
pulses with peak power approaching that of solid-state lasergpsorbers, since the space-charge region is no larger than 0.1
High optical power in a picosecond pulse, which is the most, i, and the speed of response is dictated by the lifetime of
important parameter for applications of this type, requires thgne nonequilibrium carriers in the active layer with a thick-

design of semiconductor lasers considerably different fromass of about 2:.m, which corresponds to a few nanosec-

the optimal design of high-power cw lasers. In this CONNECHNgs. A large increase in speed is possible through the tech-

tion, the purpose of this investigation was to devise and de

sign a diode laser that would provide a new level of power inhave developed over a period of ye&fae believe that this

picosecond .“ght pulses n Q-swnched operation. . method provides the best results, particularly for lasers with
In Q-switched operation, the simplest means of increas-

ing the output energy in the light pulses of lasers is to in-2 bulk active Iayer_, since in thls_case, in addition to the
crease the stored energy in the laser cavity until the instarﬁ?(tremely short lifetimes in the region 9f the absorber, it a,l_so
the optical shutter is triggered. In semiconductor lasers thdiVes the greatest degree of modulation of the nonequilib-
accumulation of energy is directly related to the number of UM carrier concentration in the active layer. We have ob-
nonequilibrium carriers existing at the instant the saturabld@ineéd new levels of power output in picosecond optical
absorber is triggered and to the degree of modulation of theulses with Q-switched operation by applying this technique
carrier concentration. The degree of modulation is deterto commercial SH lasers.
mined by the quality of the saturable absorber introduced In our experiments we used LD-60 SH laser diodes with
into the cavity of the semiconductor laser. An increase in thean active region 7@.m wide and LD-62 lasers with an active
volume of the active layer increases the number of nonequiregion 70um wide, manufactured by Laser-Diode Inc. The
librium carriers in the laser cavity. This can be thought of inmirrors on these lasers were irradiated with different kinds of
terms of an increase in the physical dimensions of the activeons (N, O*, Ar*) at an energy of 10-50 MeV and doses
layer or an increase in the volume of the active layer inin the range 5% 10% to 4x10' ions/cnt. The energy of
energy space, i.e., an increase in the concentration of NORgch type of ion was selected so that the penetration depth
equilibrium carriers. _ ~ was at least 6-&m for a cavity length of 350—40@m.

The standard way to increase the volume of the activesreliminary investigations showed that the implantation of
layer and thus increase the pulsed power is to use Multig,o heayy ions gives a region of saturable absorber that has

Sﬁctmn quadntunjthwell lasers W'tg. a b[joad sttr_lpe offa Cotmpli)lén ultrafast response and is stable against optical annéaling.
shape, and with a reverse-blased section of salurable ., o qgition to producing the saturable absorber in the

absorbet:? Further increase in the volume is possible by . . . )
. : region of the mirrors, the implantation method was used for
going from quantum-well structures to bulk materials. Here

the maximum thickness of the active region with which it is shaping the directional diagram_s of the picosecoqd lasers in
still possible to retain lasing in the zeroth mode can be ob:[he plane parallel to thp—n junction. The implantation was

tained with lasers having an asymmetric waveguide. Of th&lOne with nitrogen ions to a dose a_bovézjjﬁns/ cnf on the
commercial lasers available today, the best ones for this pugides of the LD-60 laser diodes with a contact width of 70
pose are lasers based on a single-heterojun¢8thlasers ~ #M- The ion energy(and the corresponding penetration
with an active region about 2m thick. Similar structures depth in the materialwas selected so as to form a stripe of
have been used previously for generating high-power singlg'aximum width providing stable lasing in the zeroth mode
light pulses under special pump conditions of current andn the waveguide with current confinement over the entire
temperaturé:* range of the single-peak regime.

To obtain stable Q-switching in a diode laser it is nec-  To obtain peak generation, the lasers were pumped with

nique of implantation of high-energy heavy ions, which we

132 Tech. Phys. Lett. 23 (2), February 1997 1063-7850/97/020132-02%$10.00 © 1997 American Institute of Physics 132



Angle

0 500 1000

1500 t, ps

FIG. 2. Changes in the far field of the laser in the plane ofpthe junction
FIG. 1. Shape of the optical pulse from an LD-62 SH laser— before  for a SH-laser of stripe design for single-pulse lasing with different pump
implantation,| = 18.5 A b — after implantation of 17.6 MeV I ions with currents.1 — 1=11,=7.8 A, Po,=6.3 W; 2 — 1=185,=10.6 A,
a dose of 1.5x10" cm 2 1=1.3,=18.5 Aand ¢ — =2.7,=38.4 A. Pop=24 W,3 —1=1.9;,=13.5 A, P,,=38 W.

riorate at these high radiation power densities because of the

2-ns pulses with an amplitude to 50 A and a repetition ratéshort picosecond duration of the light pulses. The saturable
up to 100 kHz. After implantation the pulsed threshold cur-absorber we have developed is also stable against optical
rent increased by a factor of 2.2-3.1, depending on the irra@nnealing at these high power densities. This is indicated by
diation dose and the energy and type of ion. With irradiatiorthe complete reproducibility of the results of measurements
by N4+ ions with an energy of 17.2 MeV and doses of of the pUISEd power and the threshold currents in the Single-
1.5x 101 ions/cn? the threshold current for the LD-62 SH Peak regime for the lasers operating for several hundred
laser (150 um width of the lasing regionwas in the range hours. _
13.8-14.8 A. Figure 1 shows how the optical pulse of the SH ~ The authors wish to thank the staff of the Cyclotron
lasers and has changed form after implantation. It can bkaboratory for irradiating the semiconductor laser structures.
seen from this curve that we have succeeded in obtaining This work was supported by a grant from the Russian
stable Q-switched lasing of the SH lasers despite possiblgund for Fundamental Research, No. 96-02-17855.
limitations associated with the strong asymmetry of thelB Zhu, I. H. White, K. A. Williams, and F. R. Laughton, IEEE Photonics
waveguide in these structures. The pulsed opticallpower IN @1echnology Letters, 503 (1996, e
single peak reaches 380 W for the LD-62 las@asing re- 2z Jiang, H. K. Tsang, W. Wang, Z. Wang, X. Wang, and Q. Warkh
gion 150Mm) and 45 W for lasers with the zeroth mode for International Semiconductor Laser Conferen@®96. Haifa, Israel, Th.
a pulse length from 40 to 45 ps. The distribution of the 3|1:.3\./’o‘l);f>)é l\slgéﬁgﬁkel J. Sola, and G. Komp@pnference on Laser &
far-field in the plane parallgl to the plane of then J_-U”Ction _ Electro-Optics (CLEO-9)Anaheim, California USA, May 1994.
for lasers with current confinement, prepared by implantation‘s. vainshtein, V. Rossin, A. Kilpela, J. Kostamovaara, R. Myllyla, and
from the side by the method described here, is shown in Fig, K- Maatta, IEEE J. of Quantum ElectroQE-31, 1015(1995.
2. The effective width of the lasing region, determined from Ei'zLiz(cﬁ?d&:l(ll\géstfslg/aﬁlgghanghﬁs'vl'_;gglna?skzozligpslé;]ma Zh. Tekh.
the diffraction limit, corresponds to a stripe }#m wide. ®E. Portnoi, E. Avrutin, and A. V. Chelnokov, iRroceedings of the Joint
The pulsed power density on the mirror for the stripe Soviet-American Workshop on the Physics of Semiconductor L asers
|aser |S about 125 MW/Cﬁ,] and for the |asers W|th a W|de ingrad, May 20—June 3, 199AIP Conference Proceedingﬁp. 240., pp.
lasing region it is about 105 MW/cnOur experiments have ¢~ 06(New York 1993.
shown that the mirrors of the original structure do not dete-Translated by J. R. Anderson
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Diffraction pattern of electrons scattered quasi-elastically by adsorbed fullerenes
M. V. Gomoyunova, I. I. Pronin, and N. S. Faradzhev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 2, 1996
Pis’'ma Zh. Tekh. Fiz23, 17-22(February 26, 1997

The diffraction patterns are calculated for 2 keV electrons scattered quasi-elastically by C
molecules adsorbed on a solid surface. It is shown that when the molecules are bound to the
substrate strongly enough the symmetry of these patterns reveals uniquely the orientation

of the adsorbed fullerenes. A new and effective method that takes into account phenomenologically
the focusing of the scattered electrons is proposed for modeling the diffraction patterns

© 1997 American Institute of Physids$1063-785(07)02102-3

The focusing of intermediate-energy electrofthe  For this purpose the necessary data for the scattering ampli-
forward-focusing effegt in which the electrons emitted by a tudes and the phase shifts were obtained by extrapolation of
crystal are concentrated along the closest-packed chains tife calculated values tabulated in Ref. 9. The contributions to
atoms, is widely used in the structural analysis of surfaceshe pattern from the individual sources were calculated by
This is the phenomenon that underlies the method of diffracsumming the amplitudes of the forward and reverse scattered
tion of photoelectrons or Auger electrohs and also the electron waves. The total intensity of the model pattern for
diffraction of back-scattered electrofi$,which give infor-  each direction of detection of the electrons was obtained by
mation on the object in real space. In the most recenincoherent summation of the partial contributions from all
article$'’ these methods were used to determine the orientahe fullerene atoms. The calculations were carried out over
tion of Cz, molecules adsorbed on the surfaces of singleghe entire backscattering hemisphere with a step of 1° in the
crystals. This is possible because long-range order is not rgpolar and azimuthal angles.
quired to form these diffraction patterns, and if all the ad-  We analyzed five of the most probable orientations of
sorbed fullerenes in the ensemble have a common preferrete adsorbed £ molecule for which the fullerene is attached
orientation, the experimentally observed pattern characteto the surface by a hexagon, a pentagon, an edge between
izes the individual molecules. two hexagons, an edge between a pentagon and a hexagon,

This paper reports a continuation of the work of Ref. 7,or only one of the atoms of the molecule. The results are
in which the orientation of fullerenes was determined fromillustrated in Fig. 1, which shows the diffraction patterns of
an analysis of the spatial distribution of quasi-elasticallythe first three cases along with the corresponding orientation
scattered electrons. The actual form of the diffraction patterrof the molecule. For convenience of comparing these with
simplified the solution of the problem, reducing it to an experiment(for which the contribution of the substrate must
analysis of only one of the possible orientations of the adfirst be removef) the numerical data are shown in the form
sorbed molecules. Here we analyze the most common casé a two-dimensional picture of the intensity distribution of
and model the diffraction patterns for all the most probablethe reflected electrons along the polar and azimuthal emis-
orientations of the adsorbeds@®molecules. In addition, we sion angles and are displayed in stereographic projection.
propose a new method of modeling the diffraction patternsThe center of the circle corresponds to the normal to the
from individual fullerenes, which speeds up the calculationssubstrate surface, and the outer circle to the emission of elec-
by a factor of a hundred compared the previously usedrons tangent to the surface. We used a linear gray scale, in
model. which the maximum signal corresponds to white and the

Let us first consider the results obtained for 2-keV elec-minimum to black.
trons in the cluster model of singly scattered electron plane The calculations give distinct diffraction patterns with
waves we used befofdn the first step the coordinates of the prominent features characteristic of each of the orientations.
atoms of the objectfullerene with a particular orientation An analysis of these patterns shows that in all the cases the
relative to the substrate surfa@e given in real space. Each most intense diffraction spots are formed along the edges of
of these atoms can take part in the backscattering of théhe adsorbed molecules, i.e., along the directions correspond-
electrons incident on the fullerene, and therefore can be conng to the minimum distance between the emitting and scat-
sidered as a source of an electron wave contributing to th&ering atoms, where the conditions for focusing the electrons
diffraction pattern. As the electrons penetrate into the interioare optimum. In addition to these maxima in the reflected
of the fullerene the probability of excitation of such sourceselectrons, we also see weak features in the diffraction pat-
is assumed to decay exponentially as exgi}), where\ is  terns, corresponding to the directions along the inner diago-
the mean free path of the electrons before inelastic scatteringals of the icosahedron. We should point out the difference
which is calculated by the formula given in Ref. 8. The nextin the symmetry of the Kikuchi patterns. The symmetry of
step is to examine the focusing of the electrons as they arhe pattern is defined by the order of the rotation axis of the
emitted by the sources, caused by their interaction with othemolecule coinciding with the normal to the substrate surface.
atoms of the fullerene during their emission into the vacuumWhen the @y molecule is is attached to the substrate by a
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FIG. 1. Diffraction patterns obtained in the plane-wave approximation
by the single-scattering cluster model for some probable orientations
of the G, molecule on a solid surface, shown to the right. The mol-
ecules are attached to the substratedy— ahexagonal faceb — a
pentagonal fagec — anedge between a pentagon and a hexagon.

o =2 o

hexagon, this axis has threefold symmetry. When the molis assumed that the intensity of this scattering is inversely
ecule is adsorbed on the surface on a pentagonal face tipeoportional to the distance between the source and the scat-
symmetry is fivefold, and when the molecule rests on artering atom, and its angular profile is a Gaussian with a con-
edge the rotational symmetry is twofold. In this way the stant dispersion; then the contributions from all the atoms in
geometry and the symmetry of the diffraction pattern isthe fullerene are summed up.
uniquely linked to the orientation of the adsorbed fullerene  Using this model, we also carried out calculations for the
relative to the substrate. five orientations enumerated above for the adsorbed mol-
The direct manifestation of the internal structure of theecule. The results of one of them is shown in Fig. 2a. The
molecule in the diffraction pattern allows us to use an ex-diffraction pattern there refers to the case where the fullerene
tremely simplified model for calculating the pattern. In this is attached to the substrate by only a single atom. In the same
calculation we take into account phenomenologically the cofigure we show for comparison the analogous pattern ob-
herent scattering events only from the atoms lying near théained in the single-scattering cluster mo¢e€ig. 2b. It can
line connecting the emitter with the scattering directionbe seen that the symmetry and the overall shape of these
along which the intensity of the pattern is being calculated. Ifpatterns are quite different from those shown in Fig. 1, which

/_'_—

FIG. 2. Calculated diffraction patterns obtained with two models: a —
a model that takes into account phenomenologically the focusing of
the electrons by the atomic chajriis— in theplane-wave approxima-
tion by the single-scattering cluster model. The adsorbgg nabl-
ecules are attached to the surface by a single atom.
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again is evidence for the correctness of the conclusion§echnological program “Fullerenes and Atomic Clusters”
drawn above. A point that merits attention is the close prox{Project No. 95098
imity of the results obtained by the different methods. In
fact, the arrangement of all the bright spots is the same in
Figs 2a and b. The differences mainly concern the intensitylc- S. Fadley Synchrotron Radiation Research: Advances in Surface Sci-

. f th ' K imil | | b ence V. 1: Techniquesed. by R. Z. Bacharac{Plenum Press, New York
ratios of the weakest spots. Similar results were also 0b- 199 ch. 9. pp. 421-518.
tained for the other cases. It can thus be concluded that théw. F. Egelhoff, Jr.Crit. Rev. Solid State Mater. Sci.990. V. 16., No. 3,
proposed model takes into account properly the principal Pp: 213h—23i- . (1992

: ; oS, A. Chambers, Surf. Sci. Rep6, 261 (1992.

facto_rs that bear upon the formation of the pattern. Smc_e itis, o Erbudak, M. Hochstrasser, and E. Wetli, Mod. Phys. Lett8 1759
possible to use this model to calculate the complete diffrac- (1994
tion pattern of fullerene in less than a minytesing a 80486  °M. V. Gomoyunova, . I. Pronin, and N. S. Faradzhev, ZksjE Teor.
PO), this approach should be very promising for caIcuIationsGE'Zi:ﬂQI 331'21%9%[3?283' 1_68(%)993]- 10 dor A S

. . . . Fasel, P. Aebi, R. G. Agostino, D. Naumovic, J. Osterwalder, A. San-
with a large number of var!able parameters'. This model can taniello, and L. Schiapbach, Phys. Rev. L@, 4733 (1996
also be used to determine the orientation of adsorbed . v. Gomoyunova, I. I. Pronin, and N. S. Fardzhev, Fiz. Tverd. Tela
fullerenes more complicated thanC It is also quite appli- (St. Petersbupg38, 2549(1996 [Phys. Solid Stat@8, 1398(1996].

. . . . 8

cable for studying the localization of metal atoms in M. P.Seah, Surf. Interf. Ana, 85 (1985.
fullerenes M. Fink and J. Gregory, Atom. Data Nucl. Data Tablet 39 (1974).

This work was performed within the Russian Scientific- Translated by J. R. Anderson
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New semiconductor devices based on a special metal—insulator—semiconductor
structure for measuring the energy (dose) of electromagnetic and nuclear radiation

P. G. Kasherininov and A. N. Lodygin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 24, 1996
Pis’'ma Zh. Tekh. Fiz23, 23—29(February 26, 1997

This article describes and studies a new type of device for quantitative measurements of
radiation energy. ©1997 American Institute of Physids$51063-785(107)02202-1

The energy(dose of electromagnetic and nuclear radia- make a device that can record continuously the enétgge
tion is widely used in science and technology, but practicalmpinging on it one must devise a process for redistributing
devices for measuring it directly have been scarce. Semicoreyclically the voltage between the layers of the structure and
ductor photoelectric devices form signals proportional to thefind a means to record reliably each of these cycles. Such
intensity of the radiation, but no principle has yet been deconditions can be realized in the structure described here if
veloped for recording directly the radiation enefgy dose.  the conductivity of the insulator depends nonlinearly on the
In this article we describe a new type of semiconductorelectric field in it, specifically, if the insulating layer converts
device based on new principles for radiation dosimetersdiscontinuously into a high-conductivity state when a critical
which form electrical signals at the output directly propor- electric field is set up in it. Such a structure may be based on
tional to the energydose of the radiation being detected a wide-gap insulating crystal with a gaseous layer as the
(light, x rays, gamma rays, etdn these devices the energy insulator. When the crystal-insulator interface in this struc-
(dose of the radiation is converted to a time sequence ofture is irradiated, an electrical charge is formed, which re-
short current pulses. With steady, uniform irradiation of theduces the electric field in the crystal and consequently in-
dosimeter the energgdose of radiation falling on the do- creases the field in the insulating layaivhen the field in the
simeter during the time between two current pulses is detefinsulating layer(the ga$ reaches a critical value the gas
mined only by the voltage applied to it, and is independent obwitches to the high-conductivity state gas discharge
the intensity of the radiation. The total radiant energy inci-Then the charge accumulated in the crystal flows out of it,
dent on the surface of the dosimeter over a given interval oproducing a current pulse in the electronic circuit of the
time is given by the number of current pulses in the externaktructure, after which the field in the gas layer is reduced
circuit in that time interval. If an individual part of the do- below the critical value, the discharge stops, and the field
simeter surface is irradiated the repetition rate of the currendistribution in the structure returns to its initial state; then the
pulses is proportional to the intensity of this flux on the process starts all over again. In this way, steady irradiation of
irradiated surface. If several spatially distributed radiationthis structure will generate a cyclic redistribution of the ap-
fluxes are simultaneously incident on the dosimeter surfacegglied voltage between the layers of the structure, accompa-
then the device generates current pulses independently acied by periodic current pulses generated in the circuit when
cording to all of these fluxes individually with repetition the gas discharge occurs. The radiation energy incident per
rates proportional, respectively, to the intensities of thesanit surface area of the structure over the time of one cycle
fluxes. The dosimeter consists of a special kind of metal-of field redistribution in it is determined by the voltage ap-
insulator—semiconductor structure on an insulating wide-gaplied to the structure, and does not depend on the intensity of
crystal. The operation of this dosimeter is described in thehe radiation. In this work we have studied the photoinduced
following paragraphs. redistribution of the applied voltage between the layers of
When the structure is irradiated at the crystal—insulatoisuch a structure based on the electrooptical insulating BSO
interface an electrical charge of the corresponding sign accwerystals(bismuth silicat¢ with a gas layer as the insulator,
mulates there and causes redistribution of the applied voltagend its photoelectric characteristics. A dc voltage=1-3
between the layers of the structure. In structures with a solittV is applied and the structure is illuminated with a steady
insulator this process occurs until the electric field is com-extrinsic light & = 0.63 wm) on its surface parallel to the
pletely expelled from the crystar2 As shown in Ref. 4, the direction of the electric field, the light being partially trans-
energy(dose of radiation required does not depend on themitted through the structure. The redistribution of the applied
intensity of the radiation, but is determined by the voltagevoltage between the layers of the structure caused by the part
V, applied to the structure. of the light that is absorbed in the crystal was examined by
In this way, the structure is a kind of radiation dosimeter,an optical polarization method by measuring the time depen-
in which a certain fixed amount of ener¢yose of radiation  dence of the intensity of the part of the light not absorbed in
is converted into a change in the distribution of the appliecthe crystal* while at the same time measuring the time de-
voltage between the layers. However, the detection of th@endence of the current in the structure.
energy(doseg of radiation is only a one-time operation: it is Figure 1 shows the experimental results for the time de-
then necessary to get rid of the charge accumulated in theendence of the longitudinal electrooptical effect in struc-
crystal to prepare it for the next energy measurement. Taures with two different kinds of insulator@nica and aiy*
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(mica) this process continues until all the electric field is

FIG. 1. Detection of the redistribution of the applied voltagebetween the expelled from the crystél(Fig. 10. In the structure with the

layers of the metal—insulator—semiconductor structure under steady illumi- . L . . .
nation a — essential diagram of the device— electrooptical insulating ~9aS insulator the initial decrease in the intensity of the trans-

crystal (BSO), 2 — insulating layer3 — optically transparent electrod¢,  mitted light flux is interrupted by a discontinuous recovery to
— polarizer,5 — photodetectorf — oscilloscopeb — time variation of  the initial value(Fig. 1c, d, and a short current pulse flows
the intensity of the light flux at the exit from the modulator when the metal—(Fig 1c,d(2) Fig 20. This process repeats periodically This

insulator—semiconductor structure with a mica insulator is illuminated with . . AR :
a light flux of constant intensityl =1 W/m?, A = 0.63xm, Vo= 1500 V); effect is explained by the switching of the gas layer into the

¢ — the same, but with illumination of a similar structure with a gas insu- high-conductivity state after the electric field in it exceeds

lator (I=0.3 W/nf, A = 0.63 um, Vo= 1500 V); d — the same foV,  some critical value. In Fig. 2a,b we show the frequeRcyf

= 2700 V. the current pulses in the circuit of such a structure based on
the BSO crystal as a function of the intensity of the irradia-
tion | and the applied voltag¥ for steady irradiation X

and the current in them during illumination. Both types of = 0.63 nnj. Figure 1a shows thd(l) is linear over three

structures show the same exponential decrease of the intearders of magnitude of intensity arfel(V) is linear for a

sity of the light flux with time during illumination, associated variation ofV over a factor of 2—3Fig. 2b. These devices

with the expulsion of the electric field from the crystal into can be operated as dosimeters for gamma rays, ultraviolet

the insulating layer. In the structures with the solid insulatoright and visible light, as well as for image recognition.
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Tecq antistructural defects in CdTe crystals
O. A. Matveev and A. |. Terent'ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 27, 1996
Pis’'ma Zh. Tekh. Fiz23, 30—34(February 26, 1997

Two-temperature annealing with a controlled vapor pressure of telluAggpis used to study
CdT€Cl) crystals under conditions of high-temperature thermodynamic equilibrium of

the crystal with the gas pha$€35-940 °Q. For low pressure®1q, (=Pin) Clre+ begins to
condense because of the formation gf;\% in the crystal. AsP+,, increases, this

mechanism of exact self-compensation no longer operates because of the formatigg-of Te
intrinsic antistructural point defects. @997 American Institute of Physics.
[S1063-785(17)02302-1

In this paper we present the result of a study of the phasg,, =735 °C showed onlyn-type conduction(Fig. 1g. At
equilibrium of CdTe:Cl and Tgegas, i.e., when the vapor this temperature the solubility of & is small compared to
pressureP1., of tellurium is controlled. This is an area of the Cl concentration in the crystal. In the self-compensation
interest since heréwith decreasingcy) one might expect proces$ a charged center&/j2 is formed that is responsible
an increase in the concentration,N. The charged }Zdz for the deep electron energy level in the band gap, and thus
form associates with donor point defettat high values of the low value ofn. The value ofn was lower than that
Nycq (and for lowt., and high binding energy in the asso- measured for the crystals annealed at higher With in-
ciate$ the association is almost compléte. creasing., following the lineP,,, (Fig. 2), we obtain a high

Thus the number of charged point defects should deeoncentration of acceptor intrinsic point defef¥sy) in the
crease because they join together in the crystal. In additiorgrystal(Fig. 1b, 9. The samples annealedtgt=870 °C and
the donor plus acceptor associate can be neutral, and therm@t.,~ P1eomin Showed bothp-type andn-type conduction
fore one should expect an increaseunand 7 of the elec- (Fig. 1 b. The samples annealedtat = 940 °C were non-
trons and holes with increasing Q. uniform in the conduction type. Botbrtype andn-type con-

The annealing was carried out at three temperaturesiuction would exist within the same crystal. As the tempera-
te,=735 °C,t,,=870 °C, andt,, =940 °C. The annealing ture was increased the regions of self-compensation were
temperatures for which the self-compensation was studied iwashed out, presumably because of the increasing concentra-
CdTe:Cl with controlled Pr,, were limited from above tion of point defects.
by the observable deformation of the sample due to subli- When the crystal was annealed with increadig,, the
mation of CdTe. At the lowest pressurd®r,~Preomin  CONCentrationsi(p) increased abruptlyFig. 1. An increase
this is t,,<940 °C. The lowest annealing temperaturein Pre, (in the transition and second parts of the curves in
to,~ 735 °C was selected from considerations of the duratiorFig. 1) should result in an increase incy(or Te) acceptor
of the diffusion processes, which establish the compositiortenters, i. e., an increase pbut not inn. However, this
in the crystal corresponding to the give3p. does not happen for,, = 735 °C over the entire range

The intrinsic point defects in CdTe are electrically of pressurePte,. For the casd.,, = 870 °C we obtained
charged centers and they determine the free carrier conceheth p-type and n-type samples only in the range of
tration in the crystal. The free carrier concentration deterpressuresPr, close to or slightly higher thaf,;,. For
mined from Hall effect measurements on the annealed crydz, = 940 °C we observed botp-type andn-type conduc-
tals and their dependence &1, are shown in Fig. 1. For tion over the entire range of pressuis.,.
low values ofP., the sample sublimates, which is reflected  These results can be explained by taking into account the
in Fig. 1 by the dashed parts of the curves. It can be seeparticipation of antistructural defects, Hje donors, in the
from this figure that botm-type andp-type samples were thermodynamic equilibrium. The formation of antistructural
obtained after annealing. For all annealing temperattyyes defects can be regarded as a transition of Te atoms from
three distinct sections of the curves can be distinguished; thiattice sites or interstitial Tg¢o the V4 sites, whose concen-
first corresponds to a low and approximately constant contration increases with1.,. The calculated enthalpy of for-
centrationn(p)~10'—1¢° cm 2 for low P+e,; the second mation, AH(TelZ)=4.0 eV (Ref. 5 and 5.56 eMRef. 6 is
section is for a higm(p)~10' cm2 and high values of high compared taAH(V¢q,V1d = 2.5 eV (Ref. 5. (Other
P+e2 and the third is the transition region between the firstdatd give AH(Teédz)=3.67 eV andAH(VEdZ)=4.75 eV.
two. The first section corresponds to the exact self-Consequently, the solubility of antistructural defects in the
compensated state of donor and acceptor defects of the crysrystal can be appreciable only for high valuesPaf,. Be-
tal lattice (Cly, and \@dz). The energy level of gdz in the cause of the strong dependence of the concentration of
band gap ist 0.83 eV abovéE, (Ref. 3. The second section TelZ on Pr, (Ref. 6, the concentration of intrinsic point
corresponds to donor-controlled electrical conduction. defects neaP,,, does not change relative to the models that

Let us examine the results given in Fig. 1 in the regiondo not take into account the effect of antistructural def&gts.
of low pressuresP1q~Preomin- The samples annealed at The calculations in Ref. 5 show that compensation can
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FIG. 1. Concentration of free carriers in the crystal
versus Prg: a — t,=735 °C, b — 870 °C,
c—940°C;1—n, 2 —p.

. Tes "Pa‘
/ad 10%

occur not only at high temperatures of the equilibrium ther-Te! , in the crystal. However, inversion of the conduction
modynamic state, but also when the crystal is cooled, betype p;(n;) to n-type indicates that Necy) ~N(Veg)
cause local energy gain when the diffusional loss of intrinsic— N(Cl+,).
point defects does not occur. It is well known that at hlgh In summary, the method of annea”ng a CeTe:Cl Crysta|
temperatures the concentration of intrinsic point defectsin Te, vapor yields crystals with a limited self-compensation
Te , is quite high,>10" cm™2 (Refs. 6 and B Residing in  of the electrical conduction. The dependencepaindn on
tetrahedral sites, T@ave a hlgh outward relaxation, and will PTe2 at annea”ng temperatures of 735—-940 °C has been ob-
readily be drawn into regions where the superstresses of th@iined. At low pressureB+., charge self-compensation oc-
crystal lattice(formed during coolingwill be removed, i.e., curs according to a model where.¥ and donor G}, are the
in the region of high concentration ofcy that have an in-  principal centers responsible for the condition of electrical
ward relaxation displacement of neighboring atoms and cafeutrality in the crystal. In this case complete association of
attract the Te(Ref. 10. This will also facilitate the creation charged point defects into neutral centers occurs. Here the
of the antistructural defect -E@, where the concentration of results of annea“ng are Compared with annea”ng with a con-
centers can be highB(NTq) and the distribution over the {rglled pressureP, (Ref. 3. At high pressured,, the
crystal can be highly nonuniform, creatingp) regions with  complex intrinsic point defect T¢ is formed. This defect
compensated conduction. prevents the creation of a high concentration gV which

In these experiments on annealed crystals in a pressueghsorb the latter.
P1e> the maximum values of at room temperature were Higher annealing temperatures result in a higher solubil-
~10' cm™3. According to the calculation, 'E’é is a deep ity of ngz and give a self-compensatpetype conduction of
donor center with ionization activation energies off,4and  the crystal. However, these experiments are nonreproducible,
0.7, (Ref. 7. Doping with a donor to KClf)=10"  and the crystal is not uniform in the concentratipfn) be-
cm 3 and the same concentration of compensating intrinsicause of the formation of antistructural defects when the ma-
point defects V&2 does not allow us to assess the amount ofterial is cooled after annealing.

.’_0‘3/(-/ | T 1F. A. Kroger, The Che_mistry of Imperfect Crysta{sViley, New York
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Visualization of the reconstruction of a silver film on silicon
I. I. Pronin, N. S. Faradzhev, and M. V. Gomoyunova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 2, 1996
Pis’'ma Zh. Tekh. Fiz23, 35—-39(February 26, 1997

In this investigation the focusing of medium-energy electrons is used to visualize the thermally
activated reconstruction of a thin film of silvé® monolayers deposited on a §111)-

7X7 surface at room temperature. It is shown that the initial unannealed film consistg1#f1Ag
domains of two types, mutually misoriented in azimuth by 180°. When the sample is heated
to 350-400 °C, the film recrystallizes and a single-domain epitaxial layer 6114y is formed.

© 1997 American Institute of Physids$1063-785(07)02402-9

The growth of a silver film on the surface of single- example, for the strongest maximum @t= 35°, which is
crystal silicon and the formation of its atomic structure is arepeated every 60° in azimuth. The overall shape of this
topic still attracting a good deal of attention after manypattern remains the same up to annealing temperatures of
years!~ Moreover, this system, whose components do noabout 300 °C.

mix in the contact region, remains a model system for study- Qualitative changes in the diffraction pattern are ob-
ing the formation of metal/semiconductor phase boundariesserved upon heating the sampleTte: 350—400 °C. This can
However, not all the aspects of this process have yet bedpe readily seen in Fig. 1b, which shows the corresponding
subjected to a thorough study. For example, no studies hawéikuchi pattern. Unlike the previous pattern, this one has
been made of the evolution of the crystal structure of a rathepronounced threefold symmetry. It should be noted that the
thick continuous film condensed on(811)-7X7 at room main intensity maxima of this pattern are due to focusing of
temperature when it transforms into an island film. The purthe electrons along individual chains of atoms in the crystal
pose of the work reported here was directed at this problenind show the orientation of the latter in real space. Conse-

To solve this problem we made use of a new method wejuently the diffraction patterns can be considered as analogs
have worked out for surface structure analysis. It is based off stereographic projections. It would therefore be interesting
the focusing of quasi-elastically-scattered medium-energyo compare the pattern in Fig. 1b with the stereographic pro-
electrons and permits visualization of the crystal structure ofection of the Ag111) surface, which also has threefold sym-
several surface monolayers of the object studigd. metry (Fig. 1d. It is seen that the main maxima of the pat-

The measurements were carried out in an angletern in Fig. 1b coincide with the orientation of the densest
resolving secondary-electron Spectrométe’f_he energy packed crystallographic directions, shown in Fig. 1d. We can
resolution of the analyzer was 0.4%, and the angular resoltthus conclude that after the sample is annealed at
tion was 1°. The diffraction patterns of the quasi-elasticallyT=350—-400 °C, an epitaxial layer of the Ad.1) fcc struc-
scattered electronhe Kikuchi patternswere obtained at an ture is formed on the Si111) surface.
energy of 2 keV with automatic recording of the azimuthal ~ These results may also serve as a starting point for in-
distribution I (¢) of the reflected electrons over nearly the terpreting the pattern of Fig. 1a. An analysis of its main
entire reflection hemisphere of the electrons. The surface dgatures suggests that it is a superposition of two patterns,
the single-crystal silicon was cleaned by brief heating in ul-one of which coincides with the pattern of Fig. 1b we have
trahigh vacuum at 1200 °C. The elemental composition ofust been discussing, while the other is similar to it but ro-
the surface was monitored by Auger electron spectroscopyated in azimuth by 180°. We should point out that this is
which was also used to determine the thickness of the depo§auivalent to the statement that two types of domains coexist
ited silver film. To study the thermally activated processe<2n the silicon surface, differing by the stacking sequence of
we used a three-minute annealing of the sample at highdpe silver atomgABCAB ... andACBAC...). Tocheck
temperatures. The Kikuchi patterns were recorded at tendhis hypothesis we carried out a numerical simulation of the
peratures intermediate between the latter and room temperg&ttern in Fig. la with the assumption that the intensity of
ture in a vacuum of % 10~1° Torr. the quasi-elastic electron scatteridgg,¢), at each of its

In Fig. 1a we show the diffraction pattern obtained di- POints specified by the anglesand ¢ is given by
rectly after an 18-A silver film was deposited on the substrate _ _
at room temperature. The center circle on the pattern is at the 1(0.9)=als(0,¢) (1= a)l2(0.0),
normal to the sample surface and the outer circle correspondgherel 1( 8, ¢) is the intensity of the pattern generated by the
to the electrons emitted along the tangent to the surface. Thdomains of the first typéFig. 1b); 1,(0,¢) is the intensity
intensities of the various spots on the pattern are indicated ointom the domains of the second type, andis a variable
a linear gray scaléshown on the rightwhere the maximum parameter representing the statistical weight of the domains
reflected intensity corresponds to white and the minimum taf the first type. The fraction of surface covered by domains
black. It can be seen that the pattern is highly structuredof the first type(the optimum value o) was determined by
Elements of sixfold symmetry are dominant. This is seen, fominimizing the reliability factor(the R, factorn, which is
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FIG. 1. a — Kikuchi pattern of a silver film 18 A thick deposited
on S(111)-7X7 at room temperature; the data are shown as the
two-dimensional intensity distribution( 8, ¢) of quasi-elastically-
scattered 2 keV electrons over the polar and azimuthal emission
angles and are shown as a stereographic projediien the analo-
gous Kikuchi pattern for an annealed silver filmm — results of
simulation of patterna; d — stereographic projection of the
Ag(11]) face; the lines indicate the close-packd®0; and{110}
planes of the crystal.

widely used to estimate the discrepancy between theoretiFhese results also show that the method we have developed
cally and experiment. This fraction of the surface was foundnight be used for visualization of various structural recon-
to be (52-2)% and theR, factor 0.006. structions in the surface layers of solids.

The result of simulating the distribution of the Kikuchi This work was supported by the Russian Fund for Fun-
pattern is shown in Fig. 1c. One can see very good agreetamental ReseardProject No. 96-02-16909
ment between the calculation and experiment. It follows that
the film formed at room temperature consists of(&l)
domains of two types, rotated from each other in azimuth bylV' G. Lifshits, A. A. Saranin, and A. V. Zoto\Surface Phases on Silicon.

o . ’ L . . Preparation, Structure, and Properti€édohn Wiley and Sons, Chichester,
180°. The coexistence of these domains in a film deposited ;g4
at room temperature has also been observed elsewhere, bts. Yasegawa, H. Daimon, and S. Ino, Surf. 3@6 138 (1987.
with the use of more sophisticated methods — ion scattéring *G. Le Lay, Surf. Sci132 169 (1983. _
and photoelectron spectroscopy with high energy and angu-'(V'S'tngggszum’;%"yéé'(gg’;;”[b';'&ss SF;irgdSZt:;inZ?é.(Iggg. Tela
lar resolutiorf However, the thermally activated reconstruc- sy v Gomoyunova, 1. I. Pronin, N. S. Faradzhev, Ztksg. Teor. Fiz.
tion of the film with the formation of a single-domain 110 311(1996 [JETP83, 168(1996]. )
Ag(ll]) structure is observed here for the first time. Previ- 81. 1. Pronin, M. V. Gomoyunova, D. P. Bernatskit al, Prib. Tekh. Ksp.
ously it has only been noted that in the temperature intervabso'stﬁ?élo?gzk Tanaka, Y. Ezawet al, Appl. Surf. Sci.41-42, 112
used in the present experimeritghere there is still very (1989, ' ’ '
little thermal desorption of Apga change in the morphology ©®M. DeSeta, J. Avila, N. Francet al, in European Conference Abstracts,
occurs in the films, involving the formation of an island éththgg(;%ean Conference on Surface Science, Genova (ltaly), September
structure? However, our data shows unambiguously that this =~ ‘
process is accompanied by recrystallization of the film.Translated by J. R. Anderson
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Basins of attraction for chaotic attractors in coupled systems with period doubling
B. P. Bezruchko and E. P. Seleznev

Institute of Radio Engineering and Electronics, Russian Academy of Sciences (Satatov Branch)
(Submitted September 17, 1996
Pis'ma Zh. Tekh. Fiz23, 40-46(February 26, 1997

This article studies basins of attraction for chaotic attractors and their evolution when the
attractors are restructured through variations in the control parameters. Numerical calculations
show the evolution of the boundaries of the attractors, the changes within simply-

connected regions, etc. Some of the regularities could be identified in a physical experiment.
© 1997 American Institute of PhysidsS1063-785(07)02502-(

1. The coexistence of two or more attractors in phase Two resistively coupled RL-diode circuifs, excited in
space, with their own basins of attractigmultistability) is ~ phase by a harmonic external force, were studied experimen-
typical of nonlinear dynamical systems. When the controltally. The dynamics of each of them in a limited region of
parameters are changed, the attractors evolve, undergoipgrameters was qualitatively modeled by a quadratic map-
various bifurcations. This is accompanied by a restructuringing. As shown in Ref. 3, an adequate model of this experi-
of their basins of attraction, so that the structure of the basinmental system is represented by two quadratic maps coupled
becomes very complicated and even fractal. These phenondissipatively?
ena are studied experimentally and numerically in this inves-

tigation for chaotic oscillations of two symmetrically Xns1= A= XG+K(X3=Y7), L
coupled systems, each of which, when the control parameter |y . =\—Y2+k(Y2-X?), @)
is varied, exhibits a transition to chaos through a sequence of

period-doubling bifurcation$:® where X,, and Y, are dynamic variablen)=1,2,3, ... is

FIG. 1. Basins of attractiofleft) of system(1)

b for the values: a —\=1.8,k=0; b —\= 1.54,
k=0; c—\=1.428, k=0 (the phase portraits
corresponding to the attractors are shown on the
right hand sidg d — A=1.454,k=0.0128; e—
\=1.57, k=0.42, f—\= 1.7, k=0.07 (the
right-hand side shows the fragments magnified.
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FIG. 1. (continuation
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the discrete time) is the nonlinearity parameter, akds the 3. As the parameters are varied, a hierarchy of bifurca-
coupling constant. The analog to the coupling conskaimt  tion transitions occur in the systems, reflected in Ref. 3 by
the experiment is the conductance of the coupling resistokvolution schemes. We shall vary the parameters and iden-
while the nonlinearity parametex is the amplitude of the tify the main features in the structure of the basins of attrac-
harmonic driving force. tion of the chaotic attractors. We begin with an examination

2. The variants of chaotic motion in these systems cary the model(Egs. (1)). The configuration of the region of
nominally be divided into three kinds. Two of them, respec-gyistence of finite solutions in the plane of initial conditions

tively, are in-phalse{or' synchronous, the oscil!ations of the (Xo,Yo) varies smoothly with increasing coupling from a
subsystems are identigaind out of phase, which form as a square with a side= (\1+ 4\ — 1)/2 fork=0 (Fig. 1a, lefy
result a cascade of period doublings. The existing attractor0 a circle fork=0.5. The entire region is a basin of attrac-

consist of bandgaccumulations of phase trajectopieas the . f a sinale chaotic attract i< divided betw |
nonlinearity parameter is increased from the critical value a[!on ot a single chaotic atlractor oris divided between mul-

which the transition to chaos occurs, the number of bands ifiStaPle attracting manifolds as shown in Fig. 1.

the attractor decreases from a theoretically infinite number to 1 he attractors and their basins have the same symmetry.
1 by merging together. In Fig. 1a—c we show on the rightFor example, the attractors, &and 4, and their basins are
examples 1, 2, and 4 of band attractors of the systBmiAe  Symmetric about the diagon#h=Y, (interchange oK, and
introduce the notatioM,, for identifying them, whereN is ~ Yn). The attractors #4and 4 and their basins are asymmet-
the number of bands an is the time displacement between ric, but with reflection of the X,,Yo) plane about the diag-

X, andY,. The in-phase oscillations correspondne=0. onal X,=Y, they transform into one another. An infinite
The third class consists of chaotic oscillations that arise agdecrease in the dimensions of similar elements occurs near
result of disruption of the quasiperiodic motichs. the boundaries of the basins of the attractors with different
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Y, .V However, more important metamorphoses occur for val-
40 ues ofA andk where phase space contains two 4-band at-
tractors, while the 2 attractor coexisting with them becomes
nonattracting and disappears. The region of tkg,¥,)
plane that its basin occupies is broken up in a fractal manner
onto basins of attraction of the remaining pair of attractors
(Fig. 1d. Symmetry about the diagonXl,=Y, appears in
the seemingly unordered alternation of white and black re-
gions in Fig. 1e. The structure of the embedded seas is pre-
served and occurs in even the smallest regions and remains
finite. However, at certain critical values af and k this
embedding of small areas into larger areas becomes infinite;
i.e., the structure of the previously existing simply-connected
regions becomes fract@Fig. 1f).

Some of these regularities can be identified in a physical
experiment. Figure 2 illustrates basins of attraction of attrac-
tors of oscillator circuits for situations analogous to Fig. 1e
and 1f. The near-boundary region between the basins of the
attractors, where small fragments not resolvable in a physical
b experiment accumulate, is shaded in Fig. 2 around the dark

line (the separatrix In, the experimental system we see in

particular the merging of attractors with the attendant joining

of the basins (4 and 4, into 2,). Seas are observed within
X,V the simply-connected regions of the basins of attraction of

the attractors #and 4 (Fig. 2b. The perceived asymmetry

FIG. 2. Basins of attraction of chaotic attractors of the experimental systenin the structure of the basins of attraction about the line
for the values: a — = 1V, k=0.002ms, b—\ = 1.79V,k=0.025 ms.  Xo=Y exists because the partial experimental subsystems
are not entirely identical.

4. The qualitative correspondence between the experi-
mental and numerical results of these investigations demon-

periodic regime¥® when a pair of chaotic merge together strates the generality of the regularities discussed here for

their basins of attraction also merge. This is illustrated inperiod-doubling objects of this particular class and indicates

Fig. 1 (c—b—a) for the case&k=0 the crudeness of the proposed picture. It should be empha-
‘Let us now increase the céupling and simultaneouslfized that despite all the observed changes in the basins of

adjust the nonlinearity parameter so that during motion in thgttractuin(,j the_ bobuntgaltrles of d each” |nd|vu_jual su;;ply-
A -k plane one of the Lyapunov exponents remains approxigonne? ed region, both farge and smaif, remain Smootn.
This work was supported by the Russian Fund for Fun-

mately constant. The initial values of the parameters will be
those corresponding to Fig. 1c. An increasekirtauses a damental Research, Grant No. 96-02-16753.
curvature(rounding of the boundaries of the basins of at-
traction of the attractors in the manner described in Ref. 6 for, _ _ o
periodic solutions. However, with further variationsNrand K/'vgﬁgeskgig:t)ilfliipssein(g;grleanfgggnegs of Chaos in Dissipative Systems
k, when the attraCtlorS443-nd 4 merge into the tV\_/(_)'band 23, P. Kuznetsov, Izv. Vyssh. Uchebn. Zaved. Radidf&.991 (1985.
attractor 2, the basins of chaos demonstrate specific proper-v. v. Astakhov. B. P. Bezruchko, E. N. Erastova, and E. P. Seleznev, Zh.
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gions according to the scenario of Ref. 7. Variationnadnd 6B. P. Bezruchko, E. P. Seleznev, and E. V. Smirnov, Pis'ma Zh. Tekh.
k results in the formation of new seas of smaller size within Fiz. 21(8), 12 (1995 [Tech. Phys. Lett21, 282 (1995)].
these seas. The number of “seas within seas’ increases Witﬁc- Mira, D. Fournier—Prunaret, L. Gardini, H. Kawakami, and J. C. Ca-
increasing parameter values but remains finite, a conclusion "3/ Int- J. of Bif. Chaosd, 343(1995.
supported by the enlarged left fragment in Fig. le. Translated by J. R. Anderson

symmetry — they become fractal. In a manner similar to
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Spectra of polycrystalline and single-crystal silicon for solar cells measured
by deep-level transient spectroscopy

S. M. Kikkarin, B. N. Mukashev, M. F. Tamendarov, and S. Zh. Tokmoldin

Physicotechnical Institute, Ministry of Science, Academy of Sciences of Kazakhstan, Almata
(Submitted July 18, 1996
Pis’'ma Zh. Tekh. Fiz23, 47-50(February 26, 1997

Investigations are reported concerning the spectra of polycrystalline and single-crystal silicon for
solar cells. A broad peak is observed in the distribution of traps in the silicon of commercial

solar batteries. It is proposed that they are due to residual impurities. The peaks are suppressed by
hydrogen passivation. €997 American Institute of PhysidsS1063-785(07)02602-5

Polycrystalline silicon in the form of ribbons or ingots is terms of the software LabVIEW for Windows. With the
a prospective material for fabricating solar cells. HOWGVEI’,Spectrometer we could observes traps at a concentration
the efficiency of solar cells is frequently reduced by the pres10-5Ng, whereNj is the concentration of the shallow dop-
ence in the silicon of deep recombination centers in the forning impurities. The sensitivity of the spectrometer was lim-
of defects that have been introduced inadvertently duringted mainly by the quality of thex* —p junctions. For the
growth. To limit this factor it is necessary to identify the measurements we used samplesnéf-p mesa structures
nature of these defects and work out methods of passivatiofiom commercial solar cells.
and gettering. The solar cell samples were passivated with hydrogen.
The interaction of hydrogen with defects and impuritiesThe hydrogen was implanted from a Kaufmann-type ion
is well known and has been well studiésee, e.g., Refs. 1 source at a substrate temperature of 250 °C, with the ion
and 2. Hydrogen also is able to passivate grain boundariegnergy in the range 1-2 keV and a maximum dose of about
and dislocations in silicoh.The ability of hydrogen to pas- 5x 107 ¢cm 2.
sivate defects and impurities is of great significance for solar A spectrum measured for the" —p sample of a poly-
cell technology, since this technique makes it possible t@rystalline solar cell is shown in Fig. 1. The broad peak with
obtain high efficiency in solar batteries prepared from relaa jagged top around 200 K is associated with majority carrier
tively cheap polycrystalline silicon. traps, and also with recombination centers for minority car-
In this paper we present some preliminary results obriers in the high-temperature region. The width of the peak
tained by capacitive deep-level transient spectroscopy witihdicates a broad distribution of discrete levels in the band
samples of polycrystalline and single-crysgatype silicon  gap. The peaks are completely gone after hydrogenation un-
doped with boron g~ 10'® cm~3) intended for commercial der the conditions described above, which indicates a reduc-
solar cells. tion in the concentration of hole and electron traps to a level
For the spectrometer we designed and built a highly senbelow the sensitivity of the spectrometer. The sensitivity
sitive capacitance meter attached to a PC equipped with afreshold for these samples is<40'' cm™3. The traps for
analog-to-digital converter with a sampling frequency up tomajority carrierstholes in p-type polycrystalline silicon are
200 kHz. Control of the spectrometer and the signal processsssociated with grain boundariésee, e.g., Refs. 4 and,5
ing technigues were realized as a “virtual device” in the

0.020pF 0.010pF
0.010pF 1 0.000pF : =
50K 150K 250K ‘.T)K

0.000pF

5 35K -0.010pF |
-0.010pF 1

-0.020pF T

-0.020pF 1
-0.030pF -0.030pF

FIG. 1. Deep-level transient spectroscopy spectrum measured oh-gm FIG. 2. Deep-level transient spectroscopy spectrum measured ofi-gm
sample of polycrystalline silicon. The horizontal axis is the temperature insample of single-crystal silicon. The horizontal axis is the temperature in K.
K. The vertical axis is the measured capacitance in pF. The vertical axis is the measured capacitance in pF.
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while the electron traps are believed to be distributed ovepressed by hydrogen passivation. In polycrystalline silicon

the entire bulk of the silicof. the peak is tentatively associated with grain boundaries. The
We also measured the spectrum ofraf-p sample of peak also is well passivated with hydrogen. On the average,

single-crystal silicon solar cells. The spectrum is shown inthe relative increase in the efficiency of the solar cells after

Fig. 2. It has a broad peak centered around 180 K, whiclpassivation is about 20%.

indicates a broad distribution of majority carrier traps. This

peak also disappears completely, within the limits of sensi-!S. J. Pearton, J. W. Corbett, and T. S. Shi, Appl. Physt3\153(1987).

t|v|ty of the Spectrometer, after hydrogen passivation_ 2B. N. Mukashev, S. Zh. Tokmoldin, and S. Zh. Tamendarov, Fiz. Tekh.
To summarize, we have used a high-sensitivity spec—gg’_og‘_p,(;’m‘l’:rlfil_’115%‘:;}%93 S[f;’)‘gozrgsg'sg‘?m'con‘%’ 628(1992].

trometer and capacitive deep-level transient spectroscopy t@p. s, srivastavat al, J. Appl. Phys53, 8633(1982.

observe broad peaks in the distribution of traps in commer-"0. S. Sastret al, J. Appl. Phys57, 5506(1985.

cial polycrystalline and single-crystal silicon solar cells. The °P- K. McLarty, D. E. loannou, and A. P. Shea, J. Appl. Pff/s. 2672

peaks are tentatively associated with residual contaminant%8”

impurities, boundaries and growth defects, and are supFranslated by J. R. Anderson
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Quantum-dot cw heterojunction injection laser operating at room temperature
with an output power of 1 W

Yu. M. Shernyakov, A. Yu. Egorov, A. E. Zhukov, S. V. Zaitsev, A. R. Kovsh,
I. L. Krestnikov, A. V. Lunev, N. N. Ledentsov, M. V. Maksimov, A. V. Sakharov,
V. M. Ustinov, Chao Chen, P. S. Kop’ev, Zh. I. Alferov, and D. Bimberg

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
Technical University of Berlin

(Submitted December 4, 1996
Pis’'ma Zh. Tekh. Fiz23, 51-54(February 26, 1997

This paper describes a new cw laser with tunnel-coupled vertically aligned InGaAs quantum dots
in an AlGaAs matrix with a room-temperature output power-oflL W at both mirrors. The

maximum operating temperature of the heat sink-is75°C. © 1997 American Institute of
Physics[S1063-78517)02702-X]

Further progress in the development of heterojunctiorb0 A. The effective thickness of the deposited InGaAs was
lasers is bound up with the use of quantum dots in the activé2 A.
region! Recently self-organization effects on a surfacave The lasers were laid out in a planar geometry with a
been utilized to produce a large bank of elastically stressestripe width of 114um (a structure of the “small mesa”
nano-size InGaAs—GaAs quantum dots with a high densitytype). No dielectric coating was applied to the mirrors.
highly ordered in shape and sizend an injection laser was The photoluminescence spectra of the tunnel-coupled
developed on the basis of this objé&onsiderable improve- quantum dots are described in Ref. 6. In the present article
ments in the properties of these lasers have been attained ke report investigations of the power and spectral properties
preparing quantum dots tunnel-coupled in the verticalof the quantum-dot heterojunction laser. The threshold cur-
directior’ and embedding the quantum dots in an AlGaAsrent density in the laser with a cavity length of 11aén at
matrix® In the latter case the threshold current density wasoom temperature was 290 A/ém
60 Alcn? at room temperature . In Fig. 1a we show the current-power characteristics of

The structure was grown by molecular beam epitaxy orthe laser at room temperature, and in Fig. 1b the spectrum of
a substrate ofn-GaAq100 in the standard double- the laser emission at the corresponding pump currents. The
heterojunction separate-confinement geometry with dasing peak shifts towards longer wavelengths with increased
graded-index waveguide. The technological conditions fopump current, which indicates that the structure is heated by
growing the device have been described in Ref. 5. The sul20 °C at a power of~300 mW. As the pump current is
strate temperature during growth of the emitter and thencreased the width of the spectrum also increases somewhat.
waveguide was 700 °C and during growth of the active layer, =~ The maximum emitted power at the two mirrors was
485 °C. The active region of the laser was a stack of 1Grom 800 mW b 1 W atroom temperature. The differential
layers of vertically coupled lxGa, sAs quantum dots sepa- efficiency was about 40%.

rated by interlayers of Al,Ga gsAs with a thickness of In Fig. 2 we present the current—power characteristics of
L ¥ T L} v L) Li L) 1 T
s00 |
a b
450
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® 350 [ 14C 1 "
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250 In conclusion, our data indicate that the quantum-dot

Small mesa structures are suitable for making high-power injection la-
L W=114 pm 15°C 1 sers. Further optimization of the structuiecrease in differ-
L=1100 pm ential efficiency, reduction in the threshold current density in
200 | o - the stripe, the use of dielectric mirrgrshould substantially
improve the maximum output power.
: 1 This work was supported by the Russian Fund for Fun-
° 30°C damental Research, the Volkswagen Foundation, and INTAS
&8 150F - (Grant No. 94-1028
= 35°C
i 43°C
100 | 50°C -]
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FIG. 2. Current—power characteristics of the laser in cw operation, taken for o . Kosogov, I. L. Krestnikov, N. N. Ledentsov, A. V. Lunev, M. V.

various heat sink temperatures. Maksimov, A. V. Sakhharov, V. M. Ustinov, A. F. Tsatsul'nikov, Yu. M.
Shernyakov, and D. Bimberg, Fiz. Tekh. Poluprovo80, 351 (1996
[Semiconductor80, 194 (1996)].
the laser in cw operation above room temperature. This flg- N. N. Ledentsoy23rd International Conference on the Physics of Semi-
. . conductors Berlin, July 1996.
ure shows that the maximum temperature of the heat sink at
which lasing can be obtained 1s70-75 °C. Translated by J. R. Anderson
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Infrared laser ( A=3.2 um) based on broken-gap type Il heterojunctions with improved
temperature characteristics

K. D. Moiseev, M. P. Mikhailova, O. G. Ershov, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 24, 1996
Pis’'ma Zh. Tekh. Fiz23, 55—-60(February 26, 1997

Laser structures based on broken-gap type-GalnAsSbh-InGaAsSb heterojunctions in the
active region are proposed and studied. Lasing at 3.2g8has been obtained in the
temperature range 77—-195 K with a threshold current density of 400%A4t7 K and a
characteristic temperaturg;=47 K. © 1997 American Institute of Physics.
[S1063-785(107)02802-4

Previously we have reported the fabrication and study ofit T=77 K, intense electroluminescence was obser\egl.
a new tunnel-injection lasérin which a broken-gap isotypic 1), consisting of two bands: a narrow one with a photon
type Il p-GalnAsSbp-InAs heterojunction is located in the energyhv;=392 meV at the peak and a long-wavelength
active region. The main feature of this laser is that lasingone, less intense and broaderhat= 333 meV. The peak of
occurred by indirect radiative transitions of electrons andhe band hv; was close to the band gap af-InAs,
holes at the heterojunction, accompanied by tunneling. Th&g=412 meV, so it may be concluded that radiative transi-
operating current is maintained by tunneling injection oftions in the bulk of then-InAs are responsible for this band.
electrons from the bulk of the narrow-gap semiconductor. InThe second band can be assigned to electron recombination
this laser structure Auger recombination at the heterojunctiofrom the quantum well on the InAs side with Auger holes in
is suppressed and the temperature dependence of the thre#ie wide-gap layer. Unlike the case of thep heterostruc-
old current is less strongin the temperature range 80—110 ture, the well at thep—n broken-gap heterojunction with
K a high characteristic temperaturB,=40-60 K, was ob- light doping (~10'® cm™3), should be quite broadened and
served. Single-mode lasing was obtained in the temperatute electron states in it should form a broad spectrum. These
range 77-125 K. AT=77 K the wavelength of the stimu- results were used by us in preparing the new laser structure
lated emission waa=3.26 um, and the threshold current with a broken-gap type Il heterojunction in the active region.
density was 2 kA/crh Further improvements in the thresh- We prepared a five-layer structure with separate electron
old characteristics of this laser are limited for several fundaand optical confinement, as shown in Fig. 2, grown by
mental reasons. The first is the large hole leakage currefiguid-phase epitaxy on p-InAs(100) substrate. The coating
from the valence band of the wide-gap semiconductor into
the valence band of the narrow-gap semiconductor through
the narrow barrier at the heterojunction, which is related to /
the details of the energy band diagram of tvep hetero-
structure with reverse bigsSecond, radiative recombination
and lasing occur in the narrow-gap heterostructure in the
narrow region near the heterojunction. Because of Auger
processed,which have no threshold, the minority carriers
are localized near the interface, and this results in an increase
in interband absorption, which depends exponentially on the
temperature. 5]

In this work we propose a new approach to making laser ¢
structures of type Il heterojunctions by locating in the active
region broken-gagp—n junctions, whose band diagram is 1
shown in Fig. 1. It is proposed that this structure, unlike the
p—p heterojunction, will greatly reduce the hole leakage
through the heterojunction while maintining a large band off-
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set, which provides good electron confinement. It is also ex- 0 M B A R At REENL A SN
pected that these factors will decrease the threshold current 028 630 035 040 045 050
and increase the operating temperature of the laser. hv, eV

First we prepared a modpkn heterostructure and stud-
ied its luminescence properties. The undoped quaternarG. 1. Electroluminescence spectrummfGainAsSbi-InAs heterostruc-
wide-gap layer of Gggdng 17ASy 2;Shy 73 With a hole concen-  tures with forward bias aff=77 K. The emission bands correspond to

; — 6 —3 AL : radiative transitions involving the heteroboundariés and the bulkn=
tration p=4x 10" cm ™ was grown by liquid-phase epitaxy InAs (2). The inset shows the energy band diagram of the broken-gap type

- — 6 ~m—3
on a lightly dope_dn-InAs substrate 'Q_— 2X 101_ cm™°). Il p-Galn, 1-ASy 2,Sbh-InAs heterojunction with a forward bias. The arrows
When a forward biat) >0.4 V was applied to this structure show the possible recombination transitions.

151 Tech. Phys. Lett. 23 (2), February 1997 1063-7850/97/020151-03%$10.00 © 1997 American Institute of Physics 151



100004
Eg, eV A
0.6+
0.5 T=23K
0.4+
5 %
2 < % 3 —
2 3 P 5 3 80 120 160 200 T,K
g 58 & 4
' iy L T & FIG. 3. Temperature dependence of the threshold current for two laser struc-
=] Y = . ,q r tures with broken-gap—p (1)and p—n (2) type Il heterojunctions in the
0 2 4 6 d um active region.
?

FIG. 2. Layer arrangement of the new laser structure with broken-gap type . .
Il p—n heterojunction in the active region. broken-gap type llp—p heterostructures in the active

region? Figure 3 shows that in the new laser we have been

able to extend the region of weak temperature dependence of
layers were made of the quaternary solid solutionshe threshold current in pulsed operatiar<200-500 nsto
InAs; _,_,ShyP, (x=0.30). The active region was formed of T=140-150 K, as compared with=110 K obtained for the
two Ga_,In,As,Sb; _, solid solutions, a wide gap layer laser with thep—p heterojunctiort. We also obtained a high
(E4q=640 meV and a narrow-gap layergg=390 meV, characteristic temperatuiig,=47 K in the range 77-140 K
with an indium content of 0.17 and 0.83, respectively. Thesand 30 K in the range 150 to 200 K. The highest operating
solid solutions form together a type Il heterojunction, closetemperature of the laser was extended t0195 K. We also
to broken-gapthe gap beween the valence band of the wide-studied the polarization dependence of the radiation in the
gap semiconductor and the conduction band of the narrowaew laser structure in spontaneous and pulsed operation. It
gap semiconductor is abow~40-60 meV, according to can be seen in Fig. 4 that TM polarization always predomi-
our estimates In calculatingA we used a linear interpola- nates over TE polarization. This may be explained by the
tion of the electron affinity of the binary compounds forming fact that the recombination involves light holes that tunnel
the quaternary compounds GalnAs&ef. 4. The large off-  through the heteroboundaty.
set in the conduction band of the laser structg&,.~ 600 To improve the characteristics and raise the operating
meV, provided good electron confinement. temperature of the InAs lasers to room temperature requires

In this structure we observed spontaneous and coherehirther optimization of the laser structure, including investi-

emission, and single-mode lasing was obtained at the wavegations of the fundamental loss mechanis(Asiger pro-
lengthA=3.2 um with a threshold current densify,=400 cesses, heat loss in the confining layers of the structure, in-
Alcm? at T=77 K. The threshold current was five times terband absorption and the related carrier heating). etc.
lower than that for a previously described laser structure with  In conclusion, we have proposed and fabricated a new

107
T=77K
0.8 a-A-A— .
L \‘\A
06

FIG. 4. Degree of polarizatioR= (Py— Pg)/(Ptw+P1e) as a
04r function of the ratio of the pump current to the threshold current,
I/l ; 1 — spontaneous luminescen@s— coherent radiation.

0.2 ‘,A
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active region, and have observed single-mode lasing at the

wavelengthA=3.2 um with a threshold current density . .
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Growth dynamics of GaAs on a vicinal surface of GaAs(100) in migration-stimulated
epitaxy: computer simulation
G.E. Tsyrlin

Institute of Analytic Instrument Construction, Russian Academy of Sciences, St. Petersburg
(Submitted November 12, 1996
Pis’'ma Zh. Tekh. Fiz23, 61-70(February 26, 1997

A computer simulation is made of growth of Ill-V binary compound semiconductors from

fluxes of dimer anions and atomic cations to study the time dependences of the average height and
roughness of GaAs films for various conditions of growth by migration-stimulated epitaxy

on a vicinal surface of GaA%00. © 1997 American Institute of Physics.
[S1063-785(17)02902-9

The method of molecular beam epitaxy makes it possible Ga atom is that it occupy its own sublattice in a defect-free
to grow in a controlled way single-crystal semiconductinglocation, plus the presence of two empty bonds with neigh-
compounds with transition layers a few monolayers thick.boring As atoms in the previous atomic layer.

This permits the fabrication of a new class of device, whose The energetics of the “atom plus surroundings” system
principle of operation is based on size-quantization effectsis given by the Hamiltonian function:

There are, however, a number of drawbacks associated with

th.|s techpology. For example, in the grquth of_ structures H:_Elj z(R)8(|R|—ay2/4)dR

with semiconductors of different compositions, it must be

taken into account that the region of the interfaeeg.,

GaAs/ALGa;_,As) has a high density of atomic steps; +Ezf 2(R)3(|R|—ay2/2)dR, 1)
moreover, although the substrate temperature during growth

is considerably lower than in other epitaxial methddsch  wherea is the lattice constang; is the binding energy of
as liquid-phase epitaxy or MOVBEand these temperatures nearest neighbors, is the binding energy of next-nearest
are low enough for interlayer diffusion of the doping impu- neighbors, andz(R) is a function that is nonzero only at
rities to be neglected. Thus with the use of conventionabccupied lattice sites, where it equals unity. The zero of en-
molecular beam epitaxy it is difficult to obtain very abrupt ergy is taken to be the interaction energy of an infinitely
interfaces between semiconductors of different compositiowistant particle with the crystal surface; the arguments of the
and doping profile, which is an important factor in the prepa-6 functions correspond to the nearest-neighbor and next-
ration of structures with quantum wells, guantum wires, anchearest neighbor distances the crystals with the zinc blende
guantum dots. To avoid these drawbacks it is first necessastructure.

to stimulate surface kinetic processes and second to reduce The rates of evaporation and surface migration are
the growth temperature. To this end one tactic that is used igiven, respectively, by

to suspend the growth by closing the shutter on the source

that governs the growtfin the IlI-V system it is the group D=D, exp(—E/kTy), )

Il elemeny,* to use sources With ion_izatio_n of the eler_neﬁts, R=R, exp(— (E—Eg)/kT,), @)

etc. However, the method of migration-stimulated epitakial,

which has been developed over the past few years, provideghereE is the binding energy of a particl&y is a surface

a method that goes the farthest in solving the problem ofnigration parameter, which is determined by the breaking of
creating a very abrupt interface. One of the tools by which ita half a bond in the regular surfacB,, and R, are rate

is possible to observe the principal stages of growth is staeonstantsk is Boltzmann’s constant, ant; is the substrate
tistical simulation of the growth process by the Monte Carlotemperature.

method. The constants in expressiori$)—(3) were calculated

This paper uses computer simulation of the growth offrom experimental data. The following values were obtained:
binary 111-V compound semiconductors from fluxes of anionE;=1.0 eV, E, = 0.1 eV, Ry=1.2x10" s, and D,
dimers and cation atoms to analyze the time dependence 6f3.2x10° s™! (Ref. 6. The simulation was set up in the
the mean height and the roughness of GaAs films for varioufollowing way. A number of Ga atoms were deposited onto
growth conditions in the method of migration-stimulated ep-the surface so as to fill a monolayé&he matrix contained
itaxy on a GaA&L00) vicinal surface. 30X 30 lattice sitesand then were followed by a number of

The computer model proposed in Ref. 6 was used téAs molecules equal to the product of the number of depos-
describe migration-stimulated epitaxial growth. The mainited Ga atoms times the specified flux ratio. It was assumed
propositions of the model are as follows. The arsenic molthat no impurity centers or interstitial defects were present,
ecule is assumed to be diatomic, and dissociative chemisorgind segregation of like particles was neglected. The distribu-
tion occurs by a two-step mechanidrfihe flux of gallium is  tion gradients of the fluxes over the surface and the sample
assumed to be atomic; the criterion for the chemisorption ofemperature gradient were taken to be zero. In the analysis,
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FIG. 1. Time dependence of the average heighind the derivative of the average height with respect to the tinfor a substrate temperature of 700 K
and arsenic to gallium flux ratios (1) and 10(2).

in-layer and interlayer migration was taken into account. Theage, this kind of interaction can no longer be neglected, and
initial surface for the growth was the As-stabilized quasistable two-dimensional clusters are formed on the sur-
GaAdq100 surface tilted by 0.95° towards t§811] direc- face. The growth proceeds by the joining of atoms to form
tion. The growth rate corresponded to the deposition of on@uclei, and there is almost no desorption. This produces the
monolayer on the surface per second. linear section of the functiofH(t)) until the shutter on the
The results of the simulation were presented in the fornmgallium source is closed and the shutter of the As source is
of the time dependence of the average he{ghtt)) and the  opened. Since the As is diatomic, the rate of filling the As
average roughness(t) of the surface, calculated from the sublattice is twice that of Ga, assuming 100% chemisorption

formula of the dissociated molecules, beginning with/Jg,= 1 (be-
cause of desorption this rate may be somewhat lpvirethis
a(t)= \/(1/|\|)Z ((H(t)>—Hi,j(t))2, (4)  way, a segment appears on the curveld{T)) where the

i

average height increases more sharply. Of course, an in-

whereN is the number of unit cells in the layer ahff ;(t) is ~ crease in the flux ratio makes the functigH (t)) nearly
the height of the layer at a given locatiojj at timet. The  step-shaped. The presence of a part of the curve where the
results were averaged in a series of five independent converage height is independent of the deposition time before
puter runs with identical growth conditions. The standardthe arsenic source is turned off is explained by the fact that
deviation of the average values of the quantities was nodll the configurations of the Ga atoms on the underlying
higher than 5%. layer up to this time are occupied, and the excess arsenic
Figure 1 shows typical plots of the mean height as ae-evaporates from the surfattbe sticking coefficient of As
function of time for various flux ratiod,s/Jg,. It shows that on As at these temperatures is 2ero
(H(t)) has a stepwise-linear shafhis is more evident in It has been found that the surface roughness as a func-
the function d(H(t))/dt), which is more pronounced at tion of time oscillates over a wide ranges of substrate tem-
higher values ofl,/Jg,. The stepped behavior can be ex- perature flux ratiolan example is shown in Fig. Rawith
plained by the nature of the direction of the fluxes on theincreasing substrate temperature the surface roughness falls
substrate surface in migration-stimulated epitaxial growthoff until T,~750 K, and thers(t) increases independently
Indeed, if the shutter on the gallium source is opened, Ga isf the arsenic pressur@,s. However, while the value of
deposited uniformly on the underlying As layer, and the ini-o(t) remains essentially constant with increasiRgg at
tial stage of growth of the monolayer is eliminated. In thisthese low temperatures, whéy is increased to 750 K, the
time interval the adatom concentration is low and lateral in-surface roughness decreases somewhat with increasing ar-
teraction between surface Ga atoms is essentially nonexissenic pressure, which is demonstrated in Fig. 2b, where the
ent. After further depositiorfafter ~0.1 monolayer cover- values ofo(t) are shown after five seconds of deposition.
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FIG. 2. a — Time dependence of the surface roughness at a substrate temperature of 750 K and an arsenic to gallium flux tatie depéndence of
the surface roughness on the substrate temperature for various flux tatied, 2 — 2,3 — 3,4 — 5,5 — 10.
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New properties created in metal—oxide—silicon structures by reducing their dimensional
parameters to the nanometer range

G. G. Kareva

St. Petersburg State Technical University
(Submitted August 8, 1996
Pis’'ma Zh. Tekh. Fiz23, 71-76(February 26, 1997

An experiment has been carried out in which standard metal—oxide—silicon barrier structures are
used to develop resonance tunneling of electrons. The result is an extension in the array of
properties of the structure. In particular, the capacitance—voltage characteristics take on resonance
features: steps and peaks in one range of applied voltage and the classical behavior in

another. The number of resonance features can be controlled by the applied voltage. Hysteresis
observed in the capacitance—voltage characteristics indicates that the structure is

multistable, that it has the property of memory, that electron charge can be written and erased.

© 1997 American Institute of Physids$1063-785(07)03002-4

The oxide thickness and the extent of the space-chargeinneling are not met, and the metal—oxide—semiconductor
region in a semiconductor in standard metal—oxide—silicorstructure operates in the standard mode, which is also con-
structures has been reduced to nanometer dimensions. Thiemed by the capacitance—voltage characterigiig. 2, the
nanostructure proposed here is a double-barrier struttfire, dashed ling which has the ordinary shapwith a transi-
and by means of the field effect one can create conditions fdion from the capacitanc€, of the upper plateau, deter-
resonance tunneling of electrons, which can be seen in resmined mainly by the oxide region, to the capacita@zg of
nance features in the capacitance—voltage characteristics fhe lower plateau, which is determined mainly by the space-
the appropriate range of applied voltage, along with the concharge region of the semiconductor. The valu€gfas well
ventional behavior of the characterisfi€sn another voltage as the ratioC/Cgy, reflects an oxide thickness in the range
range. Thus a single metal—oxide—silicdtOS) nanostruc- 1-5 nm. The additional reduction of the capacitance, which
ture combines the properties of a MOS structrand an  causes the bend in the curve \&& —0.9 V, indicates the
artificially periodic structuré;* depending on the range of onset of nonequilibrium depletion of the space-charge region
operating voltage. under conditions of a tunneling current. The range of oper-

To clarify how this double barrier is constructed and ating voltage where the metal—oxide—semiconductor struc-
how it operates, Fig. 1 shows the energy band diagram of thitire has the ordinary capacitance—voltage characteristic may
metal—oxide—semiconductor nanostructure for voltages thdie termed the classical range, in contrast to the quantum
induce resonance tunneling of electrons from the semiconange, which begins av|>|Vy,|.
ductor to the metal. One part of the double bar(®y) is the For —V= —Vy, the lowest miniband in the quantum well
tunneling-thin oxide prepared as explained in Ref. 7. The
other part of the double barri€B,) is a barrier layer of a
tunneling-thin p—n junction formed in the heavily boron-
doped silicon by the field effect in the metal-oxide—
semiconductor structure. The high doping level, in the range
10¥-10%° cm 3, provides the required tunneling transmis-
sion of the barrier layer Band makes the quantum wéW),
which is part of the surface space-charge region, narrow
enough for the required quantization. The depth of the well
changes with the voltage. With the onset of resonance tun-
neling it exceeds the band gap of the semiconductor, i.e., 1.1
eV. Such a deep quantum well is favorable for observing
resonance features at room temperature. The double barrier
is asymmetric. To induce resonance tunneling through the
guantization levels of the well it is necessary to apply the
correct voltage to line up the quantization levels with the
emitting level, which in the present case is the Fermi level in
the bulk of the semiconductdFig. 1). The minimum voltage
for which the lowest level0) of the quantum well lines up

with the Fermi level will be called the threshold voltage
v FIG. 1. Energy band diagram of a metal—oxide—semiconductor nanostruc-
th . . . ture for a voltage that produces resonance tunneling of electrons from the
For negative voltages less in magnitude than the threshsemiconductor to the metal through the quantized levels of the well of the

old and for positive voltages the conditions for resonancepace-charge region of the semiconductor.
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FIG. 2. Typical behavior of the high-frequency f1Biz)
capacitance—voltage characteristics of nano-MOS struc-
tures based omp-type silicon (N,=8x10'® cm3); the
sweep rate is-10 V/min.

oL

A

lines up with the Fermi level in the bulk of the semiconduc-tunneling, but also in the sequential conversion of all the
tor, which brings about the possibility of resonance tunnelinchigh-lying minibands from empty to full, and as a conse-
of electrons from the Fermi level through the miniband intoquence electronic charge is accumulated in the quantum
the metal. This is reflected in a step-wise increase in thevell. The charge state of the quantum well is changed rela-
capacitancgFig. 2). With increasing negative voltage the tive to its original state.
higher-lying minibands in the quantum well reach the Fermi  These results indicate that the accumulated charge is re-
level, and they then are switched into resonance tunnelintained after the external voltage is removed. This is entirely
and produce new steps in the capacitance—voltage charact@ossible if the electron gas is not two-dimensional, but zero-
istic. Because of the shape of the well, the levels becomdimensional. The cause of the reduction in the dimension of
closer together in energy in going from lower to higher en-the gas may be nonuniformities in the nanostructure over the
ergies. Consistent with this occurrence is the decrease in theurface. Because of the accumulated and retained charge in
spacing between the steps with increasing voltage. the quantum dots, resonance tunneling of electrons from the
One of the features of the capacitance—voltage charaenetal to the semiconductor is possible through the quantized
teristics of metal—oxide—semiconductor nanostructures thdevels of the dots foV>0, as is indicated by the peaks that
is advantageous for their practical use, in particular inappear on the characteristic, which are absent in the original
memory applications, is the hysteresis in the controlling volt-structure. The peaked nature of the resonance featases
age during operation of the structure in the resonance tunnetpposed to the stepped shape for the opposite polarity of the
ing mode(Fig. 2). A necessary condition for the hysteresis tovoltageV) reflects consistently the energy details of the col-
occur is that a negative voltage greater in magnitude thatector in the form of a gap between the Fermi level and the
-V, be exceeded. The greater the negative voltage, thp of the valence band of the semiconductor. An increase in
sharper the hysteresis. In one cycle of hysteresis the capathe positive voltage is accompanied by resonance tunneling
tanceC is larger in the reverse path of the cycle than in thefrom the metal into the semiconductor through even deeper
forward path over most of the range ¥f For V>0, the  quantum minilevels. In addition, this increase in the voltage
capacitance—voltage characteristic in the reverse path showsnverts the quantized levels from filled to empty, and in the
a peak(Fig. 2). The larger the step passed over Y60 in  end restores the structure to its original charge state, as is
the forward path, the higher the peak féx-0 in the reverse indicated by its characteristic and its behavior.
path. The final result of the action of the positive polarity in In summary, it has been shown in the context of the
the hysteresis cycle is that the structure returns to its initiatapacitance—voltage characteristic that the metal—-oxide—
state with the initial capacitance—voltage characteristicsemiconductor nanostructure studied in these experiments, in
which is maintained until the negative threshold voltage isaddition to displaying classical behavior, can also:
again exceeded, and thus the next time the characteristic of 1) Support resonance tunneling of electrons from the
the structure can be restored to its initial state by means of semiconductor to the metal and from the metal to the semi-
voltageV>0. These cycles can be repeated many times witltonductor and display a characteristic with resonance fea-
different numbers of steps and cycles. tures: steps for one voltage polarity and peaks for the other.
The observed hysteresis is most likely due to the follow-  2) Record electron charge with one polarity and erase it
ing circumstances. It can be seen that an increase in thgith the other, thus inducing multistability in the structure.
negative voltage withV|>|Vy,| results not only in resonance I would like to thank H. Cohrssen for financial support.

158 Tech. Phys. Lett. 23 (2), February 1997 G. G. Kareva 158



L. L. Chang, L. Esaki, and R. Tsu, Appl. Phys. Let, 593(1974. 5A. Goetzberger, Bell Syst. Tech. 45, 1097 (19686.

L. Esaki, IEEE. J. Quantum. Electro@E-22, 1611(1986. 6S. M. Sze,Physics of Semiconductor Devicasiley, New York, 198).

3F. Capasso, K. Mohammed, and A. Y. Cho, IEEE J. Quantum. Electron.”G. G. Kareva, Patent “Superlattice” Russian Federation, No. 2 062 529,
QE-22, 1853(1986. Bulletin No. 17, 1996.

4F. Capasso, S. Sen, and F. Beltrartigh-Speed Semiconductor Devices
(Wiley, New York, 1990. Translated by J. R. Anderson

159 Tech. Phys. Lett. 23 (2), February 1997 G. G. Kareva 159



Intense luminescence with a tunable wavelength from films of tetrahedral amorphous
hydrogenated carbon on a fused quartz substrate

M. E. Kompan, O. I. Kon’kov, E. I. Terukov, I. N. Trapeznikova, and I. Yu. Shabanov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 4, 1996
Pis’'ma Zh. Tekh. Fiz23, 77-81(February 26, 1997

A model is proposed for a new type of optoelectronic device that utilizes the luminescence of a
film of ta-C:H in the plane of a fused quartz substrate. It is observed that the luminescence
radiation propagating in the interior of the substrate becomes highly monochromatized. However,
along the normal to the plane of the substrate luminescence occurs over a broad wavelength
range, as is typical ota-C:H. Visually this luminescence is white, while the color of the
luminescence in the plane of the substrate depends on the film thickness. A film with a

variable thickness vyields radiation with a color that varies from turquoise to red. This
monochromatization effect in a film/substrate system is observed for the first timel99@
American Institute of Physic§S1063-785(17)03102-9

In recent years researchers have paid a great deal eEnce is emitted isotropically, so that monochromatization
attention to films of tetrahedral amorphous carbom-C:H) by the ordinary interference mechanism cannot occur, since
and diamond-like carbon. Hitherto, the intrinsic lumines-light of different wavelengths is superimposed and it
cence properties of these materials have not been regardederserges at various angles, again producing white light.
a source for general application. Nonetheless, it is knowrHowever, a two-layer system, as shown in Fig. 1, has the
that the luminescence @f-C:H is easily excited by ultra- capability of monochromatizing white light emitted by the
violet and visible light. With excitation by ultraviolet light film. The presence of a substrate with a refractive index
(337 nm the luminescence band covers nearly the entirdng) having a value intermediate between that of gjrand
visible rangefrom 450 to 650 nm at 25% of peak leyeand  of ta-C:H (n;)
the luminescence efficiency reaches QRefs. 1 and 2
which is comparable with the luminescence efficiency of the
well known laser dyes such as okasine. permits angular selection of the radiation channeled in the

In the work reported here we carried out experiments tanterior of the substrate. The first separation of the lumines-
use the luminescence propertiestafC:H and the structural cence light in direction occurs at the film-substrate interface.
properties of the films prepared on the substrates to develophe luminescence light propagating in the film at an angle to
a prototype of a high-power source of visible radiation withthe normal greater thaml, the limiting angle of total inter-

a tunable wavelength. We used the properties of the film-onnal reflection for the film/substrate interface, is channeled in
substrate system, which is a kind of monochromator for thehe luminescent film itself, and does not escape into the sub-
radiation channeled in the interior of the transparent substrate. In a similar way the light incident on the substrate is
strate. separated at the substrate—air interface. The rays that propa-

Let us consider the path of a ray in such a systéig.  gate in the substrate at an angle to the normal equal to the
1). The capability of a film with a thickness of the order of angle of total internal reflectiona(2) and larger cannot es-
the wavelength of light to produce interference coloring incape from the film and is channeled by the substrate.
reflected light is well known. However, in the present case  The light propagating at a smaller angle to the normal
the source of radiation is inside the film, and the lumines-escapes from the substrate. The direction of propagation of

No<Ng<nNg

/] .

2
o2 [——> FIG. 1. Principle of monochromatization in a two-layer
—> system — aa-C:H film (1) on a fused quartz substrate
[ > I (2). The notation is explained in the text.
o 1

al
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the luminescence light in the film, which after refraction will
correspond to the angle of total internal reflection in the sub-
strate, is denoted ag3. Thus the substrate can collect the 1
luminescence radiation that was initially emitted in the 2
ta-C:H film in the range of angles betweerl anda3 from 9 1
the normal. The angular selection of the radiation due to the -
double-layer nature of the system allows us to regard the
interference in the emitting film as ordinary interference for
light propagating in a narrow range of angles, which results
in monochromatization of the luminescence observed from
the end of the substrate. The thickness of the film emitting
the light is a parameter that determines the wavelength of the
luminescence light at the maximum, since, of the usual pa-
rameters determining the condition for interference in a thin
film — the angle of_pro_paganon of the Ilgh_t_and the thlc_k- ¥
ness — the former is dictated by the conditions of total in- —]
ternal reflection. 400 500 600 700

The ta-C:H film was prepared by decomposition of a A, nm
methane—argon mixture, 10% GHI0%Ar, in an rf glow
dischargé The material was deposited on a fused quartzF'G- 2. Luminescence spectra ofta-C:H film with a variabl(_e thigkn_ess,

_ o h . . measured at the end of the substrate. The spectra shown in this figure and
substrateifs=1.4 at 150 Q. The fllm thickness at the maxi- designated and2 were obtained for the corresponding points of the film by
mum was 0.8em. A thickness gradient was formed by plac- a simple translation of the sample in the plane, as shown in the inset. The
ing the substrate at the edge of the discharge gap in thiickness of the film at point is 0.4 um and at poin2 is 0.7 um. 1’ and
reaction chamber, and was Q.8n in a distance of 10 mm. 2’ are the excitation beams.

The refractive index of the film was 2.4 and did not depend
on the thickness. the principle of monochromatization enunciated above. To
The luminescence spectra of the films with excitation bythe best of our knowledge, the proposed method of mono-
a source of light with a photon energy from 1.83 to 3.68 eVchromatization has never been used before.
were measured at room temperature. For an excitation pho- It should also be noted that in studying how the shape of
ton energy of 2.9-3.68 eV the spectra had essentially ththe spectra depends on the intensity of the exciting light we
same shape, with the following parametdrs;,,,=2.2 eV, observed a change in the width of the band. This indicates
halfwidth 0.8 eV, quantum efficiency 0.15. Subsequent dethat superradiance may occur in tteeC:H system, and this
crease in the excitation photon energy changes the shape pfoposed light source may be a kind of new type of solid-
the spectrum by cutting off its high-energy tail; the halfwidth state laser with a tunable wavelength.
of the luminescence is reduced, and the peak is shifted to- | thank B. P. Zakharchenya for a discussion of the ex-
wards lower energie’s® perimental results.
It should be emphasized that this luminescence is ob- This work was partially supported by a Minnauk grant,
served when the spectrum is measured normal to the plane &6591.1LFO20, and by the Russian Fund for Fundamental
the substrate. However, the luminescence spectrum measurBesearch No. 96-02- 16851a and Arizona University.

at the end of the substrate is found to be different for differ-
ent film thicknesses. V. A. Vasilev, A. S. Volkov, E. Musabekov, and E. I. Terukov, Pis'ma

i : Zh. Tekh. Fiz.14, 1675(1988 [Sov. Tech. Phys. Lettl4, 729 (1988)].
In Elg. 2 we Sh.OW the. luminescence spectra for azS. V. Chernyshov, E. I. Terukov, V. A. Vassilyev, and A. S. Volkov,
ta-C:H film with a variable thickness, recorded from the end ; non-cryst. Solid434 218(1994.

of the substrate with excitation by laser light with= 337 30. 1. Kon’kov, E. I. Terukov, and I. N. Trapeznikova, Fiz. Tekh. Polupro-

nm. The emitting film is uniform in composition, as is con- A;Od:.\l/QQZ(in P/&esg [3e$i00”gu<|3\;0ﬂ5 Cekov. E. 1 Teruk is v
. . H . . A. Vasil'ev, A. S. Volkov, E. usapekov, kE. |. lerukov, an . V.
firmed by checking the spectra of the emission along the oo ocio, " Tuerd. Teldeningrad 32, 784 (1990 [Sov. Phys.

normal to the substrate. The spectra shown in the figure weresgjig state32, 462 (1990)].

obtained for different points of the film by a simple displace- °V. A. Vasil'ev, E. I. Terukov, I. N. Trapeznikova, and V. E. Chelnokov,
ment of the sample in the plane. Visually the color of the Fiz. Tekh. Poluprovodn.30, 1621 (1996 [Semiconductors30, 849
emission from the end of the substrate changed from tur- (1996].

quoise to red during this displacement. This result confirmSranslated by J. R. Anderson

I, arb. units
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The following two papers represent the last work of Professor Aleksander Semenovich
Tager, Doctor of Technical Science. These papers were left on his desk after his sudden
and unexpected death on January 1, 1996, in his seventieth year, and were prepared for
publication by his colleagues and friends.

A. S. Tager participated in world science as the creator of a new class of semiconductor
device, the avalanche diode. This great achievement was recognized by the Lenin prize.
In later years he brought forth a number of new devices that utilize the principle of

longitudinal ballistic transport in nonuniform quantum-well structures.

The content of these papers represents the development of these ideas.

A. S. Tager was a steady contributor to our journal and a close friend to many of us. We
regard it as an honored duty to introduce his papers with a short preface in his memory.

The Editorial Board
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Spin splitting in longitudinal carrier transport in quantum structures
A. S. Tager?

State Scientific-Industrial Enterprise “Istok,” Fryazino
(Submitted December 9, 1996
Pis’'ma Zh. Tekh. Fiz23, 83—89(February 26, 1997

The role of spin effects in electron waveguides is analyzed. It is shown that in noncentrosymmetric
structures where the spin splitting is odd in the wave vector the phase velocity of the

electron waves depends on the spin orientation. On the one hand this destroys the conditions for
interference and degrades the characteristics of the device; but on the other hand it allows

one in principle to obtain a beam of completely spin-polarized electrons from the exil.999
American Institute of Physic§S1063-785(17)03202-3

A topic of active discussion concerns the means of makHere
ing nanoelectronic devices of various kinds on the basis of 1 )
the longitudinal transport of electrons in low-dimensional _ - 2 _<m 2_ _
(2D, 1D) quantum structuregelectron waveguidgs To = 2Dy<kz>’ D=%z, k=Dle—e.),
analyze the possible characteristics of these devices we in- (33
voke the well-known analog between electron and electro- _<k§>
magnetic waves. However, in all papers known to the author, %~ p °
including those dealing with the development of methods for.

detailed numerical calculations of the characteristics of thér he cha}trfg]]e carriers injected 'S.Ki Fgetqzantum W@uba:)ntu?
devices!? those investigators did not take into account theW're) with an ‘energye are distributed oven subbands
orresponding to  discrete  longitudinal  energies

ific details of the elect lated to the elect . .
specific details of the electron waves related to the elec rosm: (k2)/D<s. According to Eq.(3) in each subband

spin. Moreover, as is knowh spin-splitting occurs in crys- . o
tals without a center of inversion, such as the IlI-V Com_electron waves pr_opagatmg along the wellre) with differ- .
nt phase velocities.. = e/fik.. correspond to charge carri-

pounds, as well as in asymmetric quantum wells — the spir?

degeneracy is lifted for all electrons with quasimomentumerS with opposite spins. Since the principle of operation of

k# 0. As a result, a monoenergetic flux of charge carriersthe planned nanoelgctronic devices with longitudinal trans-
moving, for example, along a quantum well or in quantumport (.SUCh as @recﬂo_nal couplers for e.lectron.waves, elec-
wire with a wave vectoik(kj k. ), where kf:karkz and ton filters, 5W|tches,. interference transistors, gt closely

k,=k,, with Z|(001), will be split into two indepyendent tied to the phase shifts of the electron waves along the sec-

fluxes, each of which has its own dispersion relation tions of the electron waveguides, the_ effect of spin splitting
can have a large effect on the basic characteristics of the

242 devices.
(K)= —— + k. (K2 (1) By way of example, let us estimate how this effects
&€ ( ) 2 =Y i< Z>’ . . . .
m makes itself felt in a single-channel interference transftor,

based on the interference of electron waves corresponding to
electrons from the adjacent energy subbaridsannels
n=1, 2. If electrons with energiesinjected into a section of
ktzk”E(kiﬂLkﬁ)l’z, 'l[)he electron waveguide of length are dist_ributed evenly _

etween these subbands, then the normalized wave function
at the exit from the waveguide can be written as

where 277 is Planck’s constant anah is the effective mass
of the carrier.

= P _
<k§>:f |Ez|d2, y~exp(jk)-r)(z) 1 _ _ .
- = E(elklﬂ+eJk1—|+elk2+|+elk2—|), (4
is the wave function of the charge carrier in the quantum _
well andy is a coefficient that depends on the band structuravhere k.. are the solutions of Eq.(2) for
parameters of the semiconductor. (k?y=(k2), n=1, 2. If the difference between the longitu-
For a given total carrier energyEq. (1) yields the equa- dinal quasirznomenta of the electrons with opposite spin is
tion for the longitudinal momentum of the electrons with like small,e?<kg, then, according to Eq3), k. =ko= » and Eq.
spin (4) gives

kiizxkt—kgzo, 2) |'//|2:1+005{(k01—k02)|]005{(%1_%z)|]- 5

Therefore the spin splitting can substantially change the
conditions for interference suppression of the current at the
exit from the waveguide. For complete suppression, not one,
k=% \x’+kgF %, ) but two independent conditions must be satisfied:

from which we obtain
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(k01_k02)|:(2m+1)7T a.nd (%1_%2)|:237T, or
(Koi—kopl=2m7 and  (¢;—x,)l=(2s+1)w, with

m,s=0,1,2,. ... Similarly the condition for the transforma-

(%lKg)e=10"°M,

and for holes in GaAs

tion of the electron waves in coupled electron waveguides is  (x/kg),<0.1IM.

made more complicatedin principle, this should degrade
the characteristics of the associated devices, reduce the dj-
rectional coefficient and the decoupling coefficient of direc-

For the sake of comparison, let us estimafd, from
the data of Refs. 3 and 6. In Ref. 3 the spin splitting is

tional couplers, and in the efficiency of electron switches andVnitten as

the selectivity of filters, etc. However, the magnitude of the

1

spin splitting and consequently its contribution to the char- §A8=ﬂku- (13
acteristics of the devices may be small; this depends to a

large degree on the properties of the semiconductor material§ the notation of Eqs(1)—(3)

and the manner in which the electron waveguides are con-

structed — their crystallographic orientation, the presence of = Ag=yk(k%)=2x/Dkg.

built-in electric fields, etc. Let us make some estimates. The

2

contribution of the spin splitting to the interference effects isConsequently,

given by the ratio

3/2
1 D € n

%n/kozivm'- (6)

The parametety depends on the band structure of the mate-

rial. According to Ref. 4,
a,hS m -1/2
7 g M g

A

where g4 is the band gapA is the minimum of the hole

energy in the split-off bandn, is the free-electron mass, and

M is a numerical coefficient of the order of unity.
According to Egs(3) and(7) the product

1 ah’® 2m) %7
'}/D3/2:_ —
2 (289)172m372 ﬁ2
m 1 1/2
=alel*>=M — (1—— ) eq 2, (8)
9 me 37| &g
so that
12 1/2
€in €1 n
e

In GaAs (A=0.34 eV,m,=0.06",, £4=1.5 eV), the
result is 7=0.18 so for electrons we have

ae=10"2M, (10
and for the heavy holear(,=0.5m)
ap=7.5X10 %M. (11)

For InSb (4=0.234 eV, me=0.013n,, A—0.81 eV,
7(1-(1/3)np)=1, and

@e=1.3x10"2, (12

Since the carrier energy does not excegaand the differ-
encee —¢g, cannot be made much smaller than, we find
that

[sin/(s—sin)]llz(sin/&:g)llzs 1.

Therefore, for electrons in GaAs and InSb,
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1
x=5BD. (14)

For a two-dimensional gas with a concentratipg
(kH)FEkOF:(Zﬂ'ns)l/Z- (15)

at the Fermi level. Forng=5x10" cm 2, we obtain
Koe=1.77x10° cm 1. According to Ref. 6, the following
values are correct for electrons in GaAs

B=2.5x10"1° eV.cm=4x10"3! J.m,

1 m
Lo, o =
Vg
Z° _15%10°2 7
Kor

For holes withm,=0.5my, 3=10 %0 J.m,

%hZ%ﬁDhZSX].OE cm 1, (18)
xp/ko=0.28. (19
For electrons in InSbrg,=0.013n,; Ref. 6),
Ae=1.61 meV.
Consequently,
1 As
B=5 (kO)F:7.2><1o—31 J-m,
1
%ezzﬁDe:9.4><103 cm L. (20)
%6/Kp=0.53x 102 (21)

A comparison of formulag9)—(12) with formulas(17), (19),
and(21) shows that both approaches give values of the same
order of magnitude for the ratic(kg) =102 for electrons

in GaAs and InSb. For these small values@k, the effect

of spin splitting on the interference of electrons at distances
of several wavelengths is not important. It should be pointed
out, however, that while the size of the devitke length of

the waveguidgis quite large, in the absence of scattering the
condition (x;— x,)/1~27 can in principle be satisfied, and
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then the spin splitting becomes important. In particular, inor in the notation of Eq(3a),
GaAs these effects can be observed at 77 K and at wave-

guide lengths of about Zm. w2 (8L2_8L1)2
For the heavy holes in GaAs the spin splitting is found to | 1’2“)'2:7 y?D3 5 (24)
be quite large, particularly according to the data of Ref. 6. If (\/g_st_ Ve —&1)

the estimate of Eq.19) is correct, then it is reasonable to try
to separate the spin-oriented flux of heavy holes in GaAsAccording to Eq.(23), the quantityl s_,,|* is quite different
AlGaAs heterostructures. As a result of interference of elecfrom zero &0.1) for Ax/Aky~ x/ky=0.1, which is satis-
trons of like spin orientation §= +1/2) injected into the fied for holes in GaAs.

waveguide from adjacent subbands, the intensities of the cor-

responding electron waves at the end of the waveguide

(x=1) are

YDeceased.
1
|¢i1/z|2=§[1+COS(AkoiA%)l], (22)
ID. W. Wilson, E. N. Glytsis, and T. K. Gaylord, J. Appl. Phy8, 3352
where (1993.
2R. Kaji and M. Koshiba, IEEE J. Quantum Electr@®, 1036(1994.
AKo=Kgo—Ko1, Ax=2x—15. 3Yu. A. Bychkov and EI. Rashba, JETP Let89, 78 (1988.
4Optical Orientation[in Russian, ed. by B. Zacharchenk@Nauka, Lenin-
If | = 7/ Ako+Ax so that|if)2=0, then forAx/Aky<1 grad, 1989
SA. S. Tager and I. P. Chepurnykh, Zh. Tekh. Bii{11), 72 (1995 [Tech.
1 A x A2 Phys. Lett.21, 429 (1995].
|p_11)|?=%| 1—cos2m—— :772(—) (23) ®U. Rossler, F. Malcher, and G. LommeSpringer Series in Solid State
2 Ak Ak Science Vol. 87 (1989, pp. 376—385.
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Unipolar semiconductor laser for the terahertz frequency range
A. S. Tager?

State Scienific-Industrial Enterprise “Istok,” Fryazino
(Submitted December 9, 1996
Pis’'ma Zh. Tekh. Fiz23, 90-94(February 26, 1997

In this paper a new design is proposed for a unipolar semiconductor laser with longitudinal
transport of electrons and a stepped variation in the thickness of quantum wells, in which
population inversion is obtained, and as a result the electrons of the first subband in the
narrow part of the well, with injection into the wide part, preferentially populate its second
subband. ©1997 American Institute of Physid$$1063-785(17)03302-9

In the past three years a considerable amount of discusitions move not transversely to the structure of the quantum
sion has been carried on regarding different variants of uniwell but along one of the quantum wellsr several, parallel
polar lasers based on intersubband transitions of the elets it). In this version the population inversion of the energy
trons in semiconducting heterostructures, which weresubbands in the quantum well is obtained as a result of an
proposed as long ago as 1971 by R. F. Kazarinov and R. Aabrupt (stepwis¢ change in the thickness of the quantum
Suris! and were fabricated experimentally in 1994 by thewell in a certain cross section. As was shown in Ref. 3, at the
group of F. CapassoUnlike ordinary injection bipolar la- juncture of two quantum wellélectron waveguidef dif-
sers, which use interband electron transitions, the radiatef@érent thickness the electrons are redistributed between the
frequency of the unipolar lasers is not related to the band gapubbands: when the electrons injected into the lower narrow
of the semiconductor, and in principle can be varied over ajuantum well(the first subbandmake a transition into the
wide range by a proper selection of the heterostructure pawider well, they may end up preferentially in the second
rameters — the composition and thickness of the layers thatubband, corresponding to the next discrete value of their
make them up, the sequence of these layers, etc. This citransverse energy. For more than a twofold increase in the
cumstance opens up the possibility in principle of developingwvell thickness, the population inversion of the two first sub-
semiconductor lasers operating in parts of the electromadgsands in the wide well can reach 2 (Ref. 3.
netic spectrum from the near infrared¥ 12—15um) to the A possible variant of the comb structure of the unipolar
submillimeter wavelength range, which have been previouslyaser in the terahertz range with longitudinal electron trans-
inaccessible to them. This possibility is all the more attracport is shown schematically in Fig. 1. The quantum well is
tive because the frequency range*@x 10" Hz, which  formed from an epitaxial layer of undoped GaAs with a step-
we nominally call the terahertz range, has not to this daywise change in the thickness and t@aloped barrier layers
yielded to practical electronics. However, the advance of unief AlGaAs with x~0.1. This layer along with the two sym-
polar lasers into the long-wavelength region encounters sermetrically situated AlGaAs boundary layers with a heavier
ous difficulties related mainly to electron relaxation pro-aluminum doping y=0.4) form an electromagnetic wave-
cesses in the crystal, whose negative role increases withuide calculated for a frequency of 4.5 THz. The hot elec-
decreasing photon energy and increasing period of the eletrons are injected into the narrow part of the quantum well
tromagnetic oscillations. In particular, with decreasing fre-from a narrow stripe source contact containing the AlGaAs/
guency the Ohmic losses of electromagnetic energy in semisaAs barrier structure that provides injection of electrons
conductor layers that form the electromagnetic waveguidevith an energy of 30—35 meV. The electrons move ballisti-
(the cavity of the laser, increase sharglysw 2). The prob-  cally to the comb drain contact on the other side, with a
lem is that in conventional designs of semiconductor lasersmall accelerating potential difference between the source
with electron transport transverse to the active layer, the adand the drain. The widtlv of the comb and the total thick-
jacent semiconductor layers that form the electromagnetioessd of the semiconductor layers making up the electro-
waveguide contain a high concentration of free electronsnagnetic waveguide is about 16m, which corresponds to
(~10* cm™3), which provide the necessary current densityone-half wavelength of the electromagnetic radiationthe
in the active layer. At frequencies above the inverse electronrysta) at the frequency 4.5 THz.
relaxation time ¢ 1~10"3Hz), the high-frequency Ohmic The ballistic flight of the electrons over a distance of
losses are less than the static losses by a factowef3, so  about 10um (at the operating temperature &= 77 K) is
that amplification of the electromagnetic oscillations in thepossible because of their small enef§®—35 meV as com-
active layer(or layers exceeds their absorption in the pas- pared to the energy of longitudinal optical phonons in GaAs
sive layers of the waveguide. At frequencies of about 1 tera¢~ 36 me\). For this condition, the electron mean free time
hertz,w7~1, and the absorption in the passive layers domiin GaAs atT=77 K is longer than 10'° s (Ref. 4), so that
nates. the length of ballistic flight of the electrons with a longitu-

This communication presents a version of the unipoladinal energy of 5 meV(a velocity of 1.6<10° cm/9 is
laser which in principle avoids this difficulty. The principal greater than 1G.m.
idea involves using longitudinal instead of transverse trans-  As in an ordinary laser with transverse electron transport
port, where the electrons that take part in the radiative tranthrough quantum wells, in this structure the electrons interact
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FIG. 1. Diagram of the comb structure of a unipolar laser.
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with the transverse component of the electric field of thesition, g is the electron charge, arfdd=2a?/d is the filling
electromagnetic wave propagating along the comb, and bdactor of a waveguide of heigld=10 um. In the present
cause of the absence of free electrons the absorption of thechse(Z)=5.1 nm,I'=5.6x10 3, andg=65 cm *. For a
energy in the bulk of the crystal is small, as is the loss due taypical laser lengthL=0.5 mm, the net electron amplifica-
radiation through the side surfaces of the comb, and is duton is G=gL~3.25. If the radiative losses are small, this
mainly to the loss of uniformity of these surfaces near thegain is sufficient for efficient lasing in the crystal with a

thin source and drain contacts. partially transparent shutter electrodes.
In conclusion, the following are the numerical results for 3. The maximum power and width of the emission line
the basic parameters of the laser. of the laser with a single quantum well of widthand length

1. The frequencys/27 =4.5 THz corresponds to a pho- L can be estimated from the formulas
ton energyi w=18 meV>6 meV=kT (T=77 K). If E;;; 1
andE,,, are the energies of the bottom of the first two sub-  Ppac EAnﬁwWL/T.
bands in the second, wide part of the quantum well of thick-
nessa,, then iw=E,,—E;;~3E; 1, E; ;=6 meV, and Forw~L~10um,An=4x10"cm 2, andr=10 *?s, we
a,=26.5 nm. For a stepped change in the thickness of thBave

guantum well equal t@,/a;=2.2, which gives population Af=(AnwLr) !
inversion of the levelg,,; andE,,, equal ton,/n;=1.6, the ’
thickness of the firstnarrow part of the well isa;=12 nm, Pna=2.5 mW, Af=0.6 MHz.

and the energy of the bottom of the lower subband is
E;1~30 meV. If the Fermi energy iEr=E,;+5 meV, then
the surface density of electrons in the well is
ﬁ2
=S (Ep—Ejp) =18 10" cm™2 and

The radiated power can be increased and the line corre-
spondingly narrowed if not just one quantum well, but sev-

eral identical parallel quantum wells are created in the crys-
tal. The emission frequency can be varied over certain limits
by changing the transverse potential difference between the

An=n,—n;=0.2"~4x10° cm 2. shuttersG, andG,.

In the absence of scattering of electrons by optical
phonons in GaAs at =77 K, the electron lifetimer in the  Ypeceased.
coherent excited stat@t the levelE,,,) is limited by elec-
tron collisions, and according to various calculations is about
r=10"1s. IR. F. Kazarinov and R. A. Suris, Fiz. Tekh. PoluprovoBn800 (1971)

2. The specifi¢per unit length electron amplification of ~[SoV. Phys. Semicond, 710 (1971)].
P c(p 9 h P 2J. Faist, F. Capasso, D. L. Sivet al,, Science264, 553(1994).

the laser is 3A. S. Tager and V. P. Chepurnykh, Pisma zh. Tekh. F&(18), 49
An q?7Zyw(Z)? (1994 [Tech. Phys. Lett20, 744 (1994)].
g~ — 4J. G. Ruch and W. Fawcett, J. Appl. Phyd, 3843(1970.
a xfh 5H. C. Casey and M. B. Paniskleterostructure LaseréAcademic Press,

whereZo,=\V,=373), x=0.34 is the coefficient of refrac-  "e" YOk 1978 [Russ. transl., Mir, Moscow, 1981

tion of GaAs,q%(Z) is the matrix element of the dipole tran- Translated by J. R. Anderson
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Convective instability of a rotating fluid above a rapidly heated surface
M. O. Lutset

S. S. Kutateladze Institute of Thermal Physics, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk

(Submitted July 19, 1996

Pis'ma Zh. Tekh. Fiz23, 1-6 (February 12, 1997

Convection in a rotating fluid above a rapidly heated surface is studied experimentall{99®
American Institute of Physic§S1063-785M17)00102-X]

A particular case of hydrodynamic instability known as pend on the direction of rotation or the sensor number. A
convective instability is encountered frequently in natlral typical example is shown in Fig. 1. Up to the timg which
and industrid® processes. A layer of fluid above a rapidly depends orw, the traces were the same and followed the
heated surface in a gravitational field ceases to be in equilibshange in the temperature of the heat-transfer surface pre-
rium after a certain time has elapsed from the onset of heatdicted by solving the heat conduction equation for the infi-
ing, and the ordinary heat conduction is replaced by convealite composite body(glass, film, coating, nitrogen After
tive motion. We know of several studies (see also the tc(w), the temperature of the heat transfer surface ceases to
literature cited thereljnwhere the onset of convection is re- follow the heat conduction equation, which suggests that the
lated to the loss of mechanical stability, the effects of ran-equilibrium of the fluid layer is disrupted. An accurate solu-
dom fluctuationy or to a second-order phase transition tion of the heat conduction equation with suitable initial and
where the convection velocity was taken as the order paranfoundary conditions for this particular problem was obtained
eter. Fluids with different Prandtl numbers and slow rates oPy means of a Laplace transformation. For time intervals
heating in the Earth’s gravitational field have been used irmuch greater than the dela@/4x, caused by the coating on
previous investigations. In the present paper we investigatée conducting film, disregarding time-decaying terms in the
the convective instability of a liquid nitrogen layer undergo-accurate solution, we obtain the asymptotic variation of the
ing rigid-body rotation above a finite extremely rapidly fluid temperature
heated surface. One parameter, the angular rotation velocity 42,Q
w, was varied, which as will be shown subsequently, is  T(x,t)=

172
equivalent to varying only the acceleration due to gragity @1t ay)(a;+ay)
with an almost constant ratio of Coriolis force to viscous » 2 o "
force (the Taylor numbeD). Xyt —T[élxl +x/ x5 (0]

The experiments were carried out using a rotating
cryostaf with a working cylinder diameter of 0.2 m. The and the heat flux to the fluid at the coating—nitrogen interface
heat-transfer surface was the largest plane of a
50X 4.76x3.2 mm glass plate on which was deposited a  (0,t)=Q
1000 A conducting film whose resistivity was independent of
temperature. Paper 1om thick was stuck to the film with  Herex is the coordinate normal to the heat-transfer surface,
BF-2 adhesive and five miniature silicon temperature sensoigirected into the fluida; = ()\ipicpi)UZ, i=1,2,3 is the label
consisting of 0.% 0.3X 0.5 mm uncased KT324B transistors of the medium, where 1 is the coating, 2 is nitrogen, and 3 is
were stuck to this paper at various distances along the lonthe glass);, Cpi, andx; are the thermal conductivity, the
gitudinal axis of the surface. The thickness of the siliconspecific heat, and the thermal diffusivity, respectivelyis
wafer adhered to the heat-transfer surface was 0.1 mm anfle density S is the coating thickness, ar@ is the heat flux
the total thickness of the film coating was afn. The glass released at the film, which was 6.9 W/&rim our experi-
plate was placed on the cylindrical surface of the cryostaments. ForQ>6.9 W/cnt and smallw, boiling of the fluid
working volume along the generatrix, with the heat transfefwas observed.
surface facing the axis of rotation. The liquid nitrogen layer  According to the linear theorﬁ/the stability of the equi-
above the plate had a constant thickness of 13.4 mm. librium of a rotating cylindrical layer of fluid is determined

At zero time, a direct current was switched instanta-py two dimensionless parameters: the Rayleigh number
neously across the conducting film. Since fhen junction Ra =gBATh%vx, and the Taylor numbeD =wh?/ v,
was sensitive to changes in temperature, the sensors changghere 8 and v are the coefficient of volume expansion and
resistance in proportion to the change in the average tenthe kinematic viscosity of nitrogen, respectivelyT andh
perature in the 0.015 mhvolume. The delay of the sensors are the temperature drop and a linear dimension characteriz-
did not exceed 5Qus. The resistance of the—n junction ing the temperature gradient in the fluid. Equilibrium is dis-
was measured by the four-probe method and the change mpted when the Rayleigh nhumber reaches the critical value
resistance was recorded by a storage oscilloscope. The osdig.(D.). Since condition(1) is satisfied when mechanical
loscope traces for a fixed current through the film and differ-equilibrium is conserved in the fluid, following Refs. 1, 4,
ent w were superposed. The combined pattern did not deand 5, we must assum&T=T(0t) and T(n,t)=0. This

2a;a,
(a;+ay)(a;+ag)’

@
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FIG. 1. Oscilloscope traces of sensor resistanc&fer6.9 W/cnt for vari- <
ous7: 1 — 196,2 — 345,3 — 555,4 — 818,5 — 1535, and6 — 1958. . ) )
The arrows indicate, . FIG. 2. Critical Rayleigh number RaersusD, : 1 — calculated according

to linear stability theory!2 — quasisteady-state measureménhtand3 —
our measurements. The inset shows our measurements on an enlarged scale.

gives h=2(x,t/ m) Y2~ 8(x,/2,)Y? The values ofAT(t,)
and h(t;) determine Rgand D.. Results of calculations
using the measured valuestQfw) are presented in Table I,
wherenp=g/gy andgg is the acceleration due to the Earth’s

gravitational field. According to Refi.z 9 and 10, Weﬁ;‘a"evaries in the range 0.078-0.086 and is close to the value of
a;=146, a,=470, ag=460 J/nt- Ks'? x,;=1.97x10

. 3 , 0.085 observed when Ra10° for advanced turbulent
m¢/s, andx,=8X10"° m/s. The error in the measurements

: . e onvection'? This external similarity may have a physical
and the calculations did not exceed 15%. As the gravnatlonai y may Py

. 3 , asis due to the development of convective motion in a layer
force increases monotonically, we obs'er\'/e a decreastg in with a time-varying linear scale.
AT, andh;, and a nonmonotonic variation of Rand D, This work was supported by a grant from the Russian
S 0 .
within 20%. Nevertheless, the behavior of Ra) agrees  p g for Fundamental Research No. 96-2-19401.
within measurement errdFig. 2) with that predicted by lin-
ear stability theor}* for a rotating Rayleigh—Beard cell.
Strictly speaking, our problem and the RayleigHHBEi 1%.7C2.7|\?/I’?Eggiorf, H. Arif, and E. B. Ajiniran, Int. J. Heat Mass Transfer
problem differ qual_|tat|vely because of the t|m§ dependencezy;’ 5 | utset and Yu. M. L'vovsKil Dok. Akad. Nauk SSSR56 583
of the linear scale in our case. Thus the experimental results(1981) [Sov. Phys. Dok26, 78 (1981)].

must be substantiated theoretically, and this is the subject ofA. N. Pavienko and V. Yu. Chehovich, Fiz. Nizk. Tens, 510 (1990

further research. [Sov. J. Low Temp. Phyd46, 291(1990].

. . . 4T. Y. Chu, inHeat Transfer 1990Vol. 1 (Hemisphere, 19 . 169-
In our experiment the onset of convection is taken as the ;74 0 ( P S0P

point where the change in the temperature of the heat®k. M. Kim and M. U. Kim, Int. J. Heat Mass Transf@9, 193 (1986.
transfer surface deviates from the solution of the heat con-=D. C. Rapaport, Phys. Rev. 46, R6150(1992.

. . . 'M. O. Lutset and V. E. Zhukov, Cryogeni@9, 37 (1989.
duction equation. The Nusselt number constructed at t|meeG. F. Shadurov, M. 1. Shliomis. and G. V. Yastrebov. Izv. Akad. Nauk

SSSR Ser. Mekh. Zhid. Gaz. No. 6, §B969.
°l. G. Kozhevnikov and L. A. Novitskijl Handbook of Thermophysical

t. is obviously Ny=qh,/A\,AT, = 1, and Ra~1C, al-
though these numbers are related by NC(Ra,)*?, where
the coefficientC; calculated from the tabular values of Ra

TABLE 1. Properties of Materials at Low Temperaturfis Russiai, Mashinostro-
enie, Moscow(1982.

i 196 345 555 818 1221 1958 10M. P. Malkov et al, Handbook of Physicotechnical Principles of Cryo-
— genics[in Russiar, Energiya. Moscow(1973.

tc,10%s 60.6 50 40.9 379 333 27.3 1p G j Lucas, J. M. Pfotenhauer, and R. J. Donnelly, J. Fluid. Meg).

AT, K 11.3 9.96 8.66 8.2 7.46 6.4 251 (1983.

he,107°m 59.4 52.2 45.4 43 39.1 33.6 125 g KutateladzePrinciples of Heat Exchange Theofyn Russiad,

Ra, 1788 1883 1732 2054 2097 1831  Atomizdat, Moscow(1979.

D. 2.71 2.78 2.66 2.90 2.93 2.74

Translated by R. M. Durham
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Dynamics of field dislocations and disclinations in a few-mode waveguide:
[I. Pure types of singularities

A. V. Volyar and T. A. Fadeeva

Simferopol State University
(Submitted November 11, 1996
Pis’'ma Zh. Tekh. Fiz23, 7—-13(February 12, 1997

[S1063-785(17)00202-4

Some aspects of recording dislocations and disclinationmterference of light. Particular attention is paid to the type of
of the field of the linearly polarized L mode at the exit dislocation observed and its topological charge.
from an optical fiber have been investigated experimentally 1. Let us examine an optical fiber excited such that only
and theoretically. It has been found that the type of fieldthe LP,; mode combination is produced.
dislocation and its topological charge depend strongly on the Let us assume that the radiation field is summed coher-
fiber length, the polarization state of the reference beam, anently with a smooth field having the polarization state
the orientation of the polarizer axis at the interferometer exit(a01§<+ aoz{,)_ The superposition of these fields may be ex-
It has also been shown experimentally that when the referpressed as
ence beam is circularly polarizegvithout a polarizer, C*

and C~ pure edge disclinations of the LPmode are re- e=a COS 9f3129 COS ¢ expli®,}F4(R) aOl)

corded. In a polarization interference system where the fiber i sin 612 sin @ . Aoz

length is a quarter of the beat length of the;LPode, a pure X expli D, F o(R) 1)
2rFo(R),

screw dislocation with the topological charde=1 and
I=—1 is observed when the orientation of the polarizerwhere a; is the amplitude of the LR mode, §8; is the
transmission axis ist= /4 and a=3/4, respectively, if difference in the propagation constants of they[&nd
the reference beam is linearly polarized at the angéto  HE,; modes,
the x axis. When the reference beam is circularly polarized, _ _ .
the angle of orientation of the pure edge dislocation follows P1=p2otkz, Bo=yhotkz cogf)Tkrsin(h), (2
the polarizer axis and reversal of the reference-beam polap is the propagation constant of the ;®node in an inho-
ization changes the sign of the angle of inclination of themogeneous mediunm, is the radial coordinate of the beam,
edge dislocation. 0 is the angle of convergence of the beams, Bag(R) is

When studying the field of a few-mode waveguide, somethe radial distribution function of the beam fi€ld.
caution must be exercised in the description of wavefront Let us assume that there is no polarizer in the optical
singularities. Estimates of the average number of fieldsystem. Then the result of measuring the radiation field will
dislocation$ or the transformation of their topological depend only on the polarization state of the reference beam
charge$ must depend on the method of observing the opticahnd the length of the optical fibeg,. If the reference beam is
field. It was shown in Ref. 3 that when free-space Gaussiafinearly polarized along th& or y axis andag, or ay, are
beams carrying a topological charge undergo spatial interferzero, a pure edge dislocation is observed for any fiber length
ence, the type of singularity observed depends on the curvay (Fig. 13. If the reference beam is linearly polarized at the
ture of the beam wavefronts and their directions of converanglen/4 (ag;=1, ag,=1), a mixed screw-edge dislocation
gence. The vector properties of the wave fields must be takefirig. 1b will be recorded experimentally for fiber lengths
into account when field singularities are observed in an inwhich are not multiples of a quarter of the beat length,
homogeneous medium. A/4, of the LR; mode (A =2m/6B4). For fiber lengths

In the first part of this study, we noted that the mainz,=A/4(4m+1) a pure screw dislocation is observed
physical mechanism responsible for evolution of the field inwith the topological charge |=+1, whereas for
the linearly polarized LR, mode of an inhomogeneous me- zo=A/4(4m+3), we also observe a screw dislocation, but
dium is the interaction between circularly polariz€d and  with the topological chargé= —1. Reversal of the sign of
C~ disclinations, which form mixed types of singularities the topological charge for fiber lengths which are multiples
(superposed singularities of various components of the vemf zo=A/4(4m+1) or zo=A/4(4m+3) may be observed
tor field). The polarization state of the reference beam mustvhen the azimuth of the linear polarization of the reference
be taken into account when these mixed phase singularitiebgam is altered by 90°ag;=1, ap,= — 1) (Figs. 1c and 1d
assigned to different polarizations, are recorded experimer-or an arbitrary polarization state and arbitrary lengiha
tally. The recording process also depends on whether thmixed screw-edge dislocation is observed.
measuring system incorporates a polarization analyzer. The case of a circularly polarized reference beam is of

The aim of this paper is to study some features of theparticular interest. For right circulatiorag,;=1, ag,=1i) the
experimental manifestation of pure types of vector singulariteference beam selectively interferes with the right circula-
ties (dislocations and disclinatiopsn the LP;; mode of the tion of the field while the left circulation forms the back-
radiation field of a few-mode waveguide in the polarizationground. In Fig. 1e we observe a pure edge dislocation with
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FIG. 1. Field distribution and interference patterns
for polarization interference of the LPmode(com-
puter calculations

the angle of inclinationy= 68,2, exactly matching that of
the C™~ disclination. Reversal of the circulation of the beam
polarization fy;=1, ag,= —i) changes the sign of the angle
¢ of the pure edge dislocation/& — 681zy) (Fig. 1f). This
change in the angle means that the reference beam now s
lects theC™ disclination for interference, having its axis in-
clined at the angleo=— 68,2,.

Let us assume that the optical system incorporates a lin
ear polarizer having its axis oriented at the angleThe
observation results will then depend on the lenggland the
polarization state of the beam, and on the anglso that in
a coordinate system with one axis directed along the polar
izer axis, the field is expressed in the form

€,=€xCosa+esin a. (3

Whena=0 or #/2, pure edge dislocations are observed for
any fiber lengthz,. A mixed screw-edge dislocation is re-
corded for an arbitrary angle and arbitrary beam polariza-
tion state. Fora= /4 or a=3/4a, andzy=A/4(4m+1) a
pure screw dislocation is observed with topological charge
I=+1 andl=—1, respectively.

An interesting effect is observed after a circularly polar-
ized reference beam has propagated through the polarize
For right circulation &g;=1, agy=1i) the axis of the edge
dislocation always follows the rotation of the polarizer angle
a. Reversal of the circulationag,=1, agp,= —i) alters the
angle of inclination of the dislocation axis relative to the
polarizer axis (/= — «).

The physical mechanism responsible for these effects i & d
related to the nonuniform polarization of the optical fiber

fields._ A Unif(_)rmly polarized reference beam only intera_CtsFlG. 2. Photographs showing interference of thg,liRode and a Gaussian
selectively with that component of the mode combinationreference beam.
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whose polarization is matched with it. Similarly the polarizervature of the fiber loop mounted at the entry section of the

selects waves of the same polarization in the reference arfiber in order to achieve a pure screw dislocation.

object beams. It was established by means of a control experiment that
2. For an experimental investigation we selected a fewwhen the field of the linearly polarized LPmode interferes

mode fiber with the core diametgp=3.5 um and the wave- with that of a circularly polarized Gaussian beam, reversal of

guide parametev =3.6 for the wavelength =0.63um. The  the circulation of the reference beam polarizatigigs. 2c

beat length wasA=3.6 m. The fiber was inserted in a and 2d simultaneously alters the angle of orientation

Mach-Zehnder interferometésee Part | of this article The = 88,2z, of the edge dislocation of the interference pattern

polarization state of the reference beam was recorded by rde = — 68,z in good agreement with the theoretical cal-

tating the polarizer and a quarter-wave plate inserted in theulations. These results provide experimental confirmation

reference beam. The fiber was successively broken off everthat C* dislocations of the LP, mode field do exist.

1 cm. The polarization interference patterns, angles of orien- This work was partially supported by the International

tation of the dislocation axes, and their topological chargesSoros Program for promotion of education in the exact sci-

were recorded for various beam polarization stafesand  ences(ISSEB, Grant No. PSUO62108.

angles of orientation of the polarizer axig, The accuracy of

recording the circular polarization w&3=0.95+ 0.05. Fig- 1S. S. Abdulaev and G. M. Zaslavikvantovaya Elektron(Moscow) 14,

ure 2 shows typical interference patterns of the fiber radia- 1475(1987 [Sov. J. Quantum. Electrod7, 937 (1987)].

tion field and a Gaussian reference be&FEMy, laser Z"7'5A('l§gsl)s]htyan5ki’ Opt. Spektrosk79, 512 (1995 [Opt. Spectrosc. J.

mode. We specially selected pure screw dislocations which3| v, gasistiy, M. S. Soskin, and M. V. Vasnetsov, Opt. Commutg,

reverse the sign of the topological charge when the angle 604 (1995.

a=l4 is Changed to 34 (FigS. 2a and 2}3 Note that as 4A. W. Snyder and J. D. Love!?pt_ical Waveguide TheorfMethuen, Lon-

well as selecting the fiber lengty, we also needed to pro- 90 1984 [Russ. transl. Radio i Svyaz, Moscow, 1987

vide additional mode matching by altering the radius of cur-Translated by R. M. Durham
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Nonisothermal conditions for limitation of the current injected into a composite
superconductor exposed to pulsed perturbations

V. R. Romanovskit

“Kurchatov Institute” Russian Science Center
(Submitted September 5, 1996
Pis’'ma Zh. Tekh. Fiz23, 14-21(February 12, 1997

This study is devoted to solving one of the major problems of superconductivity engineering —
the thermal stability of the superconducting state of a composite superconductor. The
formulated problem is analyzed most comprehensively with allowance for the nonisothermal
dynamics of the magnetic flux inside the composite. This approach allowed us to formulate the
main aspects of the behavior under the simultaneous influence of various perturbing factors,

i.e., varying current and external thermal perturbation. 1897 American Institute of Physics.
[S1063-785(17)00302-9

Destruction of the superconducting state of compositeates of current variation. An analysis of the critical energies
superconductors, formed by numerous superconductingeeded to convert the superconducting composite to the nor-
wires in a normally conducting metal matrix, is caused bymal state, carried out within the proposed model demon-
various instabilities* The conditions for maintaining of su- strated their dependence on the current injection rate. It was
perconductivity are generally analyzed using models whiclassumed that the thermal instability only propagates in the
assume that the composite is exposed to one particular typengitudinal direction of the composite and the space—time
of perturbation. In the theory of thermomagnetic instability, behavior of the initial perturbation corresponds to the instan-
for instance, the perturbing factor is the varying externaltaneous release of heat in a lo¢gboint” ) region. The re-
magnetic field or the current injected into the composite. Insults therefore disregard the thermal processes taking place
the theory of thermal stabilization, the stability of the super-over the transverse cross section of the composite. It was
conducting state is considered in relation to pulsed thermahown in Refs. 9 and 10 that these processes play a decisive
perturbations of varying length, duration, and shape underole in the stability of the superconducting state of massive
conditions where the transport current is either constant ogurrent-carrying elements exposed to extended thermal per-
varies negligibly. By solving these problems, it is possible toturbations.
identify typical physical characteristics responsible for main-  In the present paper we therefore examine the stability of
taining or destroying the superconducting properties of théhe superconducting states attained without the spontaneous
composite subject to specific simplifying assumptions. Indevelopment of instability when current is induced in a com-
real windings however, the variations of the temperature oposite superconductor at a constant rate and the composite is
the current-carrying element and the current flowing throughexposed to an extended pulsed thermal perturbation. As in
it in response to any external perturbation are interrelated. IRef. 5, the problem was solved by a numerical analysis of a
is thus extremely interesting to consider the stability problensystem of equations describing the interrelated dynamics of
from this viewpoint. the thermal and electromagnetic fields on the transverse cross

It was shown in Refs. 5 and 6 that determining thesection of a superconducting composite.
boundaries of stable superconducting states by solving a We shall determine the distribution of the temperature
complete system of Fourier and Maxwell equations elimi-T, the electric fieldE, and the current densityin a circular
nates inaccuracies in assessing the role of the tolerable igross-section composite of radiug, when the current
crease in the superconductor temperature when analyzing tileerein rises at a given ratil/dt and there is an external
conditions for the onset of instability. In particular, it was source of thermal perturbation, by solving a problem of the
established that there is a direct correlation between th&/pe
depth of current penetration preceding cutoff and the toler-

able overheating temperature. The overheating may indeed ¢—=-— 19 (Mﬂ +EJ+q(r ),
be very appreciable with poor cooling and a rapidly rising gt ror

external magnetic field or current. Consequently the condi- 03 10| oE

tions for the onset of instability at a composite in an adia- Moo = W(rﬁ)

batic condition depend strongly on the thermal prehistory of
the sample. J T-T.

The relative influence of thermal and electromagneticl= 7Js+ (1— 7)Jn, E=JspseXP(J—+ T ):Jmpm,
processes taking place in composite superconductors also af- 0 g
fects the conditions for the onset and propagation of thermal  T(r,00=T,, E(r,0)=
instabilities. The authors of Refs. 7 and 8 put forward an
explanation for the experimentally observed anomalies in the
propagation of the normal zone along the composite at high

Mo dl

}\_+h(T TO)|r r0 : |r r0 277r0 dt-

@
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Herec and\ are the volume specific heat and the thermalite temperature is short-lived in the first case but in the sec-

conductivity of the composite in the transverse cross sectiorgnd, may cause a transition to the normal state. By way of

ps andp,, are the resistivities of the superconductor and thellustration, Fig. 1 shows curves describing the time behavior

matrix, respectively,J; and J,, are the currents flowing of the electric field strength at the surface of a composite

through the superconductor and the matrix, respectivglg, exposed to near-critical perturbations. The calculations were

the fill factor of the composite by the superconductoris  made for

the heat transfer coefficient,, is the coolant temperature, _

T. is the critical temperatureoof the superconducty and ro=5x10"*m, ¢=1000 J/mi-K,

T, are the given growth parameters of the superconductor =100 W/mK, h=10W/n?-K,

current—voltage characteristic, andis the given power of

the external heat source. 7=05, =09y, At=10"°s, dl/dt=10"As,
Within the limits of the model of a continuous medium, _7 _ 10

this problem describes the nonisothermal diffusion of théos_5><10 Q-m, - pp=2x10770Q-m,

current inside a composite superconductor approximated in  J;=4x 10" A/m?,

the simplest case by an infinitely long cylinder. The upper

limit of the tolerable currentgcutoff current$ as a function T;=0.048 K, Tgp=9 K, To=4.2 K

of the external heat source power will be determined for thgor various perturbation initiation timets. The dashed curve

most dangerous pulsed short-lived perturbations, which cagjyes the increase in the electric field strength observed when

induce instability with the minimum amount of heat reledse. the current is injected without any external thermal perturba-
In this case, the type of heat source scarcely influences thgns.

boundary of the stable states. Thus without loss of generality, Figyre 2 gives results of calculations of the cutoff cur-
we can assume that a rectangular heat pulse is released inght as a function of the thermal pulse power for two differ-

thin surface layer of compositer =ro—rq, i.e, ent injection rates. The solid curves give the cutoff currents
Qo=COnst, rq<r<roy, t<t<t;+At, obtained by solving probleril). The dashed lines describe
q(r,t)= 0 104 At the boundary of the stable states, determined with the as-
il l .

sumption that no heat is released in the composite through
This system was solved by a finite-difference method.Joule dissipation of energy for all timés-t, (i.e., the term
The unknown values of the cutoff current and the heat reEJ was omitted in the heat conduction equajidhis easily
lease power are obtained by an iterative procedure similar teeen from a comparison of these calculations that under the
that described in Ref. 5. As a result, two values are obtainedction of a short pulsed perturbation, the intrinsic heat re-
numerically for the heat source power for which the electriclease plays little part in changing the thermal state of the
field strength either decays or increases irreversibly after theomposite. The onset of instability is therefore caused by an
perturbation has ceased. Accordingly, the rise in the composncrease in the composite temperature originating mainly
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from the external thermal perturbation. Its increase causesicreasing current than at higher currents. This may be at-
an increase in the strength of the electric field, whichtributed to two mechanisms having different influences on
becomes continuous on exposure to a supercritical perturb#he electric field induced inside the composite by the external
tion (Fig. D). heat source. The field increases with temperature but the
The plotted curves,(qp) also reveal two characteristic critical current density of the superconductor decreases,
regions. First there are regions with maximum cutoff cur-which helps to reduce the electric field. At relatively high
rents whose range of existence depends primarily on the cucutoff currents the main contribution to the onset of instabil-
rent injection rate and increases with increagiti¢gdt. Thus ity is made by the first mechanism, since the relative change
the cutoff current falls off more rapidly when the current is in the critical current density is small in this case. With de-
injected slowly rather than rapidly. These relationships willcreasing current, the second factor becomes more important,
obviously be observed when the coefficient of heat transfersince the tolerable overheating is increased. As a result, for
the superconductor properties, and the nature of the pertutwo similar values of the injected current, a substantial in-
bation vary. The values df, are highest fog,—0 since in  crease in the external perturbation energy is required to
this case exceeding the cutoff current is accompanied by thachieve similar electric field distributions. By way of illus-
spontaneous development of instability even when currentration, the right inset to Fig. 2 shows the electric field dis-
injection has ceased and there are no external perturbationstibution inside the composite faiL/dt=10" A/s, exposed
The second characteristic region of variation gfq,) is the  to perturbations of near-critical energy. The solid curves cor-
region of minimum current-carrying capacity of the compos-respond to the initial curredt=50 A (t;=0.005 $ and the
ite. The extent of this region depends to a considerable dedashed curves correspondite 70 A (t;=0.007 3.
gree on the current injection rate. Under the action of pow-  This investigation has therefore shown that thermal per-
erful perturbations however, the cutoff currents for differentturbations strongly influence the stability of current injection
injection rates become similar and decrease very slightlynto a composite superconductor. Its cutoff, caused by an
with increasingq, over a wide range. extended short-lived thermal perturbation, is a direct conse-
These relations assume that the tolerable overheating afuence of a rise in the composite temperature in response to
the compositeAT=T(r,t; + At) — T4 preceding the onset of the external heat pulse. In this case, the intrinsic heat release
instability depends on the injected current. This dependenceegligibly influences the temperature field of the composite
is plotted in the left inset to Fig. 2 for=r,, which also and thus the conditions for the onset of instability. Conse-
gives the composite temperaturés against whose back- quently, when the heat release in the superconducting wind-
ground thermal instability develops. It can be seen that as thimg exceeds a certain threshold, the onset of instability de-
current increases, the background temperature of the conpends negligibly on the type of current variation and is
posite rises and the tolerable overheating decreases, apecompanied by a considerable decrease in the injected cur-
proaching zero near the maximum cutoff current. In this caseent.
AT has very high values at low currents. At the same time,  This work was supported by the Russian Fund for Fun-
under these current conditiodsT decays more rapidly with damental ReseardProject No. 95-02-03527a
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Monte Carlo simulation of the electron drift velocity in a one-dimensional GaAs
quantum wire

V. M. Borzdov, O. G. Zhevnyak, S. G. Mulyarchik, and A. V. Khomich

Belarus State University, Minsk
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Pis’'ma Zh. Tekh. Fiz23, 22—-27(February 12, 1997

Electron transport in a one-dimensional GaAs quantum wire is modeled in the electrical quantum
limit with allowance for scattering of charge carriers by polar optical phonons, impurity

ions, and surface inhomogeneities. 1®97 American Institute of Physics.
[S1063-785(17)00402-3

Studies of the electronic properties of one-dimensional The intensities of scattering by polar optical phonons
semiconducting quantum wires are currently attracting majowith emission and absorption were calculated according to
interest. This is mainly because of the potential for using thehe following formulas, respectively
unique properties of these structures directly in instruments.

It is therefore highly topical to investigate electron transport a 1 qS™(k,) 1+ 18T q%™(ky) ]

in one-dimensional GaAs quantum wires in moderate and WS’%‘(kx>=§;(Nq+ ) JRKA(2m* o) — |
strong electric fields typical of the real operating conditions X @ %)
of semiconducting devices in micro- and nanoelectronics.

It is known that the Monte Carlo methaddee Refs. 1 abs . ab abs ab
and 3, for instanceis one of the most promising methods of Wk, ) = b QN 10Tk 1+ 1192k ]
solving this problem fairly efficiently in bulk and quasi-two- P 270 Jakdl(2m* o)+
dimensional semiconductor systems. However, it should be
noted that this method has only been used to calculate théhere « is the coupling constant of the electron—phonon
kinetic transport parameters in quasi-one-dimensional quarifteraction,w is the frequency of a polar optical phonon, and
tum wires in a very limited number of studié< and as far Nq is the number of phonons at thermodynamic equilibrium.
as we are aware, the electron drift veloaity in a quantum  The explicit form of the integrale®™ andI2°Sis given in Ref.
structure, where the electrical quantum limit applies, has: In formulas(2) and(3) “em” refers to a phonon emission
only been calculated in Ref. 7, but this model only allowedProcess and “abs” refers to a phonon absorption process.
for one mechanism for scattering of charge carriers, by polar ~ The intensity of scattering by a distant charged impurity

()

optical phonons. was calculated using the formdla
In this paper we present results of a Monte Carlo simu- . 4
lation of electron transport in the quantum well of a one- — N, m”e 2 i E
. . . . Wi (ky) 27322, K7 2dk,sin |, (4)
dimensional GaAs quantum wire having a square cross sec- AT h e egky 2

tion. The electron drift velocity was calculated as a function ) ) ) ) )
of the electric field strengtle and the side length of the whereN; is the impurity concentration per unit length of the

cross section. The model took into account mechanisms fgfonductore is the electron charge, ande, are the permit-
scattering by polar optical phonons with emission and abfivities of GaAs and vacuunk is the modified Bessel func-
sorption, scattering by impurity ions, and scattering by surdion of the second kind{ is the distance between the impu-
face inhomogeneities. It was assumed that only the lowedity center and the origin, positioned at the center of the
size-quantization level was filled and nonparabolicity coulgSquare cross section of the wire, aidis the scattering

be neglected. We used a single-particle Monte Carlo algo@ndle. _ _
rithm similar to that described in Ref. 7. The final state of the electron after scattering by this

The total electron energf in a quantum wire of square mechanism was determined with the assumption that in the
cross section with side length in the approximation of an strictly one-dimensional case, the elec_tron can only move
infinitely deep rectangular potential well may be expressedorward or backward, so that the scattering angleetween

8

ad: the initial k, and finalk;, wave vectors is either 0° or 180°.
To simplify the calculations we used a step-function approxi-
ﬁzk)z( h2m2 mation to the functiorkK (2dk,) for dk,=<1 and the approxi-
E=o T ol (1)  mation K(2dk,)=0.5V7/(dk)exp(—2dk) for dk,>1. It
was assumed th#t(0) has a final value of 4.
wherem* is the electron effective mass afids the reduced The intensity of scattering by surface inhomogeneities
Planck’s constant. The first term on the right-hand side ofv@s calculated from the formufa
Eqg. (1) is the kinetic energy of an electron with the wave 292\ A2
vectork, in the direction of motiorx and the second term is Wy, (ky) = 5 o , (5)
the energy of the bottom of the “zeroth” subband. m* L%k, exp{kA’sin(9/2)}
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) ) o _can be seen that the drift velocity increases with increasing
e e caneanassoa™ L. This can be explained by a Gonsiderable drop in the in-
n.=10"7 m%, andL = 3L,= VA/(2m* »): data obtained fot =L, shown  LENSIty of scattering by surface inhomogeneities and also by
in inset. a decrease in the intensity of scattering by polar phonons.

The behavior of the curves also indicates that under condi-

tions when the electrical quantum limit is attained, the elec-
whereA andA are the correlation length and the amplituderon drift velocity is essentially independent of the crystal
of the inhomogeneities. Here, as for impurity scattering, tthmperature.
angle ¢ is 0° for forward scattering and 180° for back-  The Monte Carlo method has thus been used to calculate
scattering. the drift velocity of one-dimensional electrons in the quan-

Figure 1 gives the average electron drift velogityasa  tum well of a GaAs quantum wire at the electrical quantum

function of the electric field strength calculated assumingimit. The results suggest that in this structure the electrons
only one scattering mechanism — by polar optical phononsgegin to undergo significant heating at electric fields higher
(curvel), two mechanisms — by polar optical phonons andthan 5x 10° V/cm. It has also been shown that under the
impurity ions(curve2)—and all three scattering mechanisms conditions of the model approximations and assumptions in
(Curve 3) For Compal’ison with the results of Ref. 7, Flg 1 fields exceeding 5105 V/m, the drift Ve|0city is main'y

(insey also gives the curvey(e) calculated at the same jnfluenced by scattering by polar optical phonons and surface
temperaturd =30 K and fors <3x 10° V/m (curve4). The inhomogeneities.
fact that curved and4 are almost the same in the range of
fields between X 10° and 3x10° V/m indicates that the 1y Fawcett A. D. Boardman, and S. Swain, J. Phys. Chem. S8lids
calculations performed for these conditions in Ref. 7 and in 1963(1970.
the present study are adequate. is YMokgyaﬂ;a an\tj KMH\elssbPlhyg Féewz? 5595k(l983-F .
H H H H . . borzaov, V. . Vrubel’, . . evnyak, an . F. KOmarov,
From the beha\.”or of the curve; In Fig. 1 it may be Pis’'ma zZh. Tekh. Fiz21(7), 69 (1995 [Tech. Phys. Lett21, 272(1995].
concluded th'at heatlng of charge carriers accompanleq by.amsl Briggs and J. P. Leburton, Phys. Rev3& 8163(1988.
appreciable increase in the electron drift velocity begins in®s. Briggs and J. P. Leburton, Phys. Rev48 4785(199).
fields greater than approximately<a.0° V/m. It is also easy 62'-M'TCke,f'C'f’SBeV'z\ég?’i’SS’ZK' W. Kim, and M. A. Stroscio, Semicond.
. . ) . s Cl. fechnol. , .
to see that scatter_mg _by surface inhomogeneities S|gn|f|-,A' Ghosal, D. Chattopadhyay, and A. Bhattacharyya, J. Appl. F59s.
cantly influences 4, in this range. 2511(1986.
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