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STUDIA UNIV. BABEŞ-BOLYAI, PH Y SICA ,‘XXXV, 1, 1990

THEORETICAI/ APPROACH TO GAS TRANSPORT THROUGH 
. ' METAUUIZED PORYMER MEMBRANES

T.A. BEU*, V.  MERCEA»* und D. SILIPAŞ**

ABSTRACT. — By using a fin ite  difference technique, 'a two-dimensional T,'ap- ’ 
lace type equation of th e  gas transport through a m etallized polymer mem brane ' ’ •
was 4 solved numerically, m conjunction w ith a specific set of boundaiy condi­
tions The obtained concentration profiles were used to  determine the flux 
of gas .which perm eates through an w hideal/ metallized polymer membrane The 
influence of the mem brane thickness and of the size of the pmhole-shaped defects '
m  the  structu re  of th e  m etal layer are also discussed These theoretical results 

'  are compared with' experim ental ones, obtained for1 the perm eation of He, C 02, •
Ar and N 2 a t 50°C Through a poly (ethylene terephtalate) membrane m etallized' 
w ith .palladium. 1

Introduction and Background. Products made of polymeric matefialá may 
be coated or plated, with a thin, continous and adherent‘"layer of metal by 
vacuum deposition [1], chemical [2] or electrochemical [3] plating. Most of 
the commercial metallized polymer membranes (MPM) are produced by vacuum 
deposition and are widely used for packing, for winding to form capacitors, 
as superinsulating materials for thermal blanketing, as gas and vapor barriers 
and for decorative purposes. There is a wide range of polymeric substrates 
polyesters, polypropylene; polycmide, polycarbonate, polyethylene and cellophane, 
on which Al, Zn, -Au, Ag, Cu and Ni are deposited [4]. Usually, MPM are pro­
duced commercially m reel-to-reel machines, m which the polymer membrane 
is transversed at low speeds, about a few meters per second, above the metal 
held molten m resistence-heated boats [5]. In laboratory, MPM are produced 
individually in small vacuum chambers [6]. The ratio of the deposited metal 
thickness to the polymer membrane thickness is usually'about 1. 1000. This 
very thin coating has a strong influence not only on the optical and electrical 
properties, but also on the gas permeability of the polymer membrane. The 
structure properties of aluminized polyester membranes was studied by light 
and scanning electron microscopy [7]. I t  was found that the deposited A1 
layers, both by reel-to-reel and, by individual techniques,, show up to about 
103 defects/mm2 These defects are mainly caused by the presence of- dust- parti­
cles on the polymer membrane surface during metallization which, subsequently, 
become dislodged and .leave an unmetallized ^shadow Damage by scuffing of 
particles can also produce defects which are often observed as „runs’,' I t  was 
reported [6] that Ni, Pd and Cu layers, deposited by means'of an'individual 
technique on poly (ethylene terephtalate) (PET) membranes, showed cracks in 
their structure as well These cracks probably appear as a result of the diffe­
rence between the contraction coefficients of the polymer and the metal.

* University of Cluj-Napoca, Department of Physics, R —3400 Cluj-Napoca, Romania
** Institute of Isotopic and Molecular Technology, P.O. Box 700, R — 3400 Cluj-Napoca, Romania
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The gas-barrier and gas-selective properties of the MPM were studied experi­
mentally elsewhere [6—10]. I t  was found that for gases which are unable to 
dissolve in the deposited nretal layer, the actual gas-barrier properties of The 
MPM are governed "Ьзг the defects which are inevitably produced in the1 metal 
layer during the preparation and/or testing of the MPM. Depending on the 
quality of the deposited 'metal layer, the gas-barrier property may determine, 
a decrease of the overall ,rate of gas transfer through the MPM with up to more 
than two orders of magmtude [8]. /

’ ‘ On the- other hand,\the gas-selective property of an MPM depends essen­
tially oh the fact whether a given gas is able or not to dissolve m, and dif­
fuse through the metal layer itself.' Among the gases studied in refs. [6, 10 
and 11], only H2 had the ability ,to dissolve un Pd, and tó a smaller extent 
m Ni If was,found that the selectivity for H2 ot a PET membrane metallized 
with a 1000 Â thick' Pd layer is with up to more than one order of magni­
tude larger than thaf of a bare PET membrane [10] The above mentioned 
properties of the MPM may be explained m terms of a phenomenological model 
of the gas permeation [6] 1

A theoretical-treatment of gas transport through an MPM has been given 
-[12] In order to derive an analytical expression for the flux of gas which 
permeates through an MPM it was assumed that all defects of ,the impermeable 
metal layer are circular pinholes of radius r0, and; that there are n pinholes 
per cm*. The steady state flux of gas through a singlé-pinhole MPM is givën by

г о
2nr dr (dcjdz)0,, 1 (1)

о > -

where D is the diffusion coefficient, c is the gas concentration in the polymer 
z and r are, the coordinates of the cylindrical coordinate system with the ori­
gin at the pinhole , center, Fig. I Hence, the total flux per cm2 is Q =  nQL

Pinhole

F i g  1 Geometric framework of the FDA, 
showing the assumption of isolated pinholes and 

associated polymer cylinder _ _

Provided the pinholes, are smal­
ler than the thickness of the poly­
mer, l, i!e X =  l fro > 0  3, an appro­
ximate , analytical expression for 
c(z, r) was derived by solving the 
two dimensional Fapiacé equation

82cl8r2 -f- (1/r) dej dr +  82cj8z2 =  0
> )

with the boundary conditions

c(0,r) =  c2 for r <  r0 (3)
(8cjdz) = 0  for r >  r0 (4)

c{\,r) =  Cj for all r • (5)

( *

/



i 1 . 1' Using 'a graphical integration method, it was shown that Q can he expres- ' 
sed to a good approximation as

Q — D0(1 -K 1 18X) (c2 — c^jl provided 0 < 0  ' ' (6)

where, 0 =  ъг\ n is the fiaction per cm2 of the polymer surface that is not 
metallized, and cx and c2 are the concentrations of the dissolved gas just below 
the downstream and upstream surfac'e of the polymer, respectively Eq. (6) 
shows an interesting feature The flux of gas which permeates through a bare 
polymer membrane ,of thickness T and area 0, which is the so-called “free” 
surface of the previously mentioned MPM, is given by :

GAS TRANSPORT THROUGH METALLIZED POLYMER MEMBRANES ' ,5

Qo =  DQ(c2 ~  cJll , . - (7) .i
Therefore, from Eqs (6) and (7) one may notice that, m the limit of large 
X, Q can become many times laiger than Qf. Qualitatively this result is under-' 
standable the thicker the membrane compared to the size of the piiihole, the 
more the diffusing gas spreads m the polymer membrane On the other hand, 
the total flux per cm2 through a bare polymer membrane, Q0, is given by [13] .

Qo =  D{o2 -  Cl)ß  (8)
I t  follows that the ratio QjQ0 is a function of geometrical parameters only, such 
as membrane thickness and pinhole radius and density Additionally to the l 
and r0 dependence showed by Q/Q0 in Eqs (6) and (8) of [6,10 and 11] it was 
found that. Ç/Ç0 depends on the nature of the penetrant gas as well This fact 
seems to indicate that the gas transport through an MPM is a moie complex 
process than that simultated-in [12] for,the experimental confirmation of Eq
(6) , by means of a simple electrical analog In order to explain -the experimental 
evidence/ one can assume that a selective molecular flow through the smaller 
defects of the metal layer, şi surface diffusion and an additional flux of gas 
which diffuses through preferential paths along the metal grain boundaries, 
may have a contribution to the overall rate ,of gas transfer through an MPM1

Another' technique to calculate the flux of gas which diffuses from a pin­
hole through a polymer membrane is the finite, element approach (FEA) of
[7] The basis, of the FEA is a two-dimensional net of points representing the 
cylinder "depicted m fig 1 At each point of the cylinder the equation

Wifin +  wn+\Cn+\ -)- wn+oC,,+ 2 -f- w,l+3cn+3 =  (wn -f- w,!+t -f- wn+2 -j- w:iYi)c0 (9)
is applied,' where c0, c,„ , c„+3 represent gas concentiallons, c0 being at the,
point under consideration, and w„, . , wn+3 aie weightings that allow two-di­
mensional lepresentation of the three-dimensional problem "Eq (9) creates a 
hew' array oi points, and the equation is repeatedly applied until the system 
converges, The initial array of points was chosen so that c(z, 0) shows a constant 
gradient1 and c(0, r) is set up as' a-logarithmic decay from c(0, r0) =  c2 to some 
assumed value at the outer surface of the cylinder
, As an example, Tor an MPM with a thickness l ='T2 pm, and a density 

of- pinholes it =  40Э pmholes/mm2, the results obtained by means of the theo­
retical models mentioned above can be compared in terms of the relative flux ,
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QIQi dependence on.;'0 (Fig ü2) 
where is the gas flux which 
permeates through n pinholes 
with r 0 =  1 [fm 1

In Fig 2, the obtained re­
sults are also compared with 
approximate calculations [14] 
foi; the outwards diffusion from 
the center of a sphere :

Q =  4izD(c0 — c-J ab/(b — a)
( 10)l

where a and b are the inner and 
outer radii of the spherical shell 
and they can be approximately 
related to r0 and l. Eq. (10) is. 
appropriate only for pinholes 
of diameter considerably smaller ■ 
than l. Even for small diame- 
tefs' Eq (10) tends to overesti­
mate Q, aş it really assumes a ' 
hemispherical volume of poly­
mer behind the pinhole rather 
than the sheet of polymer itself  ̂
The fact that tbe relative flux/ 
Ç/Çx derived ■ from Eq (6) is 
smaller than that, given byLhe 

FEA seems to indicate that, in this latter case, the considered boundary con­
ditions lead to an overestimation of the volume of the polymer cynnder as­
sociated with each pinhole or/and that the ccncenfration gradient considered 
alorig the' 'z axis is not t he ̂  real one ' , , .

, In fig 2 we also show the dependence of the ratio QIQX on r0, calculated 
in the present work by means of a fimte difference appioach '

Finite Difference Approach. In order to determine theoretically the flux 
of gas which permeates, due to a pressure diffeience Afi — p 2 — pi, through a 
MPM, let us make flic following assumptions

. First, we will assume Iha t the defects m the structure of fhe impeimeable 
metal layers of the MPM are all circular pinholes, wnh diameters cfj The size 
and distribution- of the d{s , can be established expeiimentally, for example, 
-by means of scanning election.microscopy [7, 10] We will also assume that 
the pinhole spacings allow for the additivity of the single-pinhole permeation 

• fluxes. Let us call such an MPM, an “ideal” M^M, and assume that the gas 
permeates through the pinholes of its metal layer only

Then, there will by imposed no restriction on -the thickness of the metall 
Layer, which will have an influence*on the gas permeation through the MPM, 
only in those cases wheie the pinholes act essentially as channels - When these,

F i g '  2 Relative permeabilities of m etallized polymer 
membianes, calculated as1 function of pinhole diam eter
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I
channels are comparatively long, the rate of the permeation process may be 
determined to a certain extent by the flow regime of the permeating gas in 
the channels. ■, 1 ■■ ' . -

We will finally assume that a steady state diffusion has.been established 
through the MPM, in which the concentration of the penetrant gas the up- i 
stream and downstream boundànes of the polymer ' substrate are c2 and cv 
respectively. For some simple gases, such' as, He, H2, N2, Ar ,and C02, c2 and /
cx will be determined'by the pressures p 2 and p x on either side of the MPM. - 
I t  is generally accepted that for the above mentioned gases and for p x < p 2 «
X 1 atm, c2 and cx obey Henry’s law [15], which states that the, pressure and 

the concentration are proportional to 1 each other. Moreover, in thesp cases’ one 
can assume that D is independent of concentration and cx »  0.

Depending on the way the MPM was prepared and disposed into the expe­
rimental set up, one may distinguish between thiee cases •

Case I. The MPM'shows a single impermeable metal layer deposited on 
a nonporous polj'meric substrate, and the . metal layer faces the upstream 
chamber of the experimental set up

Case II .  Same as above, but the metal layer faces the downstream cham­
ber of the set up. , - ■

Case I I I .  The MPM has been made by depositing on each surface of the 
polymeric substrate a metal layer. For the purpose of our discussion, it  is 
immaterial whether these metal layers have or not the same thickness. and are 
made of the same material or not.

In this paper we will mainly concentrate on the gas permeation through 
an MPM m the first case 1 , ■'

The geometric framework used for the calculation of thé flux of gas through 
a single-pinhole MPM is the one' presented in Fig. 1 We associate to each 
pinhole a circular metal layer area of diameter'Ф, which results from dividing 
the total area of the MPM by the total number of pinholes, N  =  where г ' 
spans the distribution of the pinholes according to size (see, for example, Fig 1 
of [10]). >

The above assumptions lie 'a t the basis of our finite difference approach, 
FDA, used to calculate the flux of gas, Q, which permeates through a smgle- 
pinhole MPM Knowiug-the size and distribution of pinholes, we can then deter- 
щ те the overall flux of gas by summing up the contributions from all pinholes.

In order to calculate Q, we solve Hq. (2) subject to boundary conditions 
(3 — 5) and .placing two additional boundary conditions.

(i9c/<5r),=0 =  0 , for all z . (11)
{дс/дг)г=ф12 =  0 for all ar v - (12)

The Dirichlet-type boundary conditions (3) and '(5) prescribe the value of c at 
the free upper and lower boundaries of the, MPM, respectively The reflecting 
Neumann-type boundary conditions (4) an (12) prevent the gas to cross t^g 
metallized area of the MPM and the outer boundary of the cylinder, respecj-j. 
vely Condition (11) prescribes the natural symmetry of the concentration -pro­
files with respect to the г-axis,,
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1 In order to solve Eq (2) m ,conjunction with this ’extended set of boun­
dary conditions, a finite difference technique was chosen Actually, we solved 
numerically the more general problem of the-two-dimensional Poisson ’.equa­
tion m cylindrical coordinates . '

[82j8r2 +  (1/r) 8j8r + 82l8z2]f(z, r) =  g(z, r)\ (13)
Details of the discretization schemes and the algorithm used m this work can 
be found elsewhere [16] ‘ , ' ,

Results, and Discussions. A first set of our -calculations concern the pei- 
meation of He, C02, .Ar and N2 through a 30 pm thick PET membrane metal­
lized with one 500 A thick Pd layer The permeability of this MPM at 50°C 
and Ap ~  70 cm Hg and the distubution ot pinholes according to size were 
determined previously [10] I t was found that for the MPM m question, the 
mean number of pinholes per mm2, N, is 172, yielding a total pinhole area 
of about 7 6x 10-a pm2/mm2 Therefore, as already mentioned, to each pin­
hole one can associate a cylinder which has a diameter ф ~ 43 urn, and by 
means ot the FDA one can determine -the flux- of gas, Q,, which permeates 
through this cylinder The total flux per cm2, Ç, which permeates through the 
MPM, is then given by Q= ~LQ, nt 1 1

. Table 1

Experimental und , calculated flux oi gas « liich 1 permeates ut t =  50°C und 
Дp  ~  70 cm Hg through a 30 |im thick PET membrane metallized with

500 A of I*d

Gds Qm p m Qm p m W
cm3/cmss X

, Qm p m W  
io-?

O'phT Iе \

He 2 92 , 20 00’ 3 50 - 49 00
C 02 ‘ 0 44 , 6 10 0 60 8 10
Arl „ 0 28 0 66 0 36 -  5 10 ’
N . 0 16 0 40 0 21 3 10

(a) R ef  [10]
(b) As calcu la ted from I£q (6) oi [12]
(c) Refs  [6] a n d  [10]

The theoretical results obtained lor-the MPM and gascS mentioned above are 
summanzed m Table 1 One can compare these results witli those calculated 
by means of Eq (6), which was modified m order to take into account that the 
pinholes may have different radii r0 [10], and with the experimental results 
in ' [6 and 10] For He and C02 the calculated fluxes are about 20 tunes smaller 
than the expeiimental 'ones for the bare PET membrane The situation js 
reversed when one compares the fluxes calculated from Eq (6) with those 
in [10] there is a quite good agreement for Ar and N2, but a rather poor one 
for He and C02 These d sagi cements mäy be caused by the fact that the 
gas fluxes determined w th  the FDA, the FEA and the model given m [12] 
depend on the geometrical paiameteis of the MPM only) and not on the
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Г (pm)

F i g  3 Calculated noim alized concentration profiles for 
a) / =  30 (ini, r0 =  1 (iui, b) l — 30 (im, /„ =  9 |i»i, 
c) l =  15 (ini, ) 0 =  1 (ini, b) f =  1'5 (im, i 0 =  9 y m

nature of the penetrant gas, as discussed above Nevertheless, the FDA offers 
the possibility to determine, for a given pinhole distnbution, the order of 
magnitude of the gas flux through.an MPM

, As part of our FDA it is possible to determine the gas concentration pro­
files m the polymer associated with any particular single-pmhole MPM geor 
metry, both m Case I  and Case I I  Such calculations were performed for mem­
brane thicknesses ranging from 5 to 30 [im, apd pinhole diameters ranging 
from 2̂ to 18 pm Fig 3 shows, as examples, the calculated normalized con­
centration profiles for some MPM geometries

In Figs. За-d one can see that the distribution ot the penetrant gas into 
the polymer matrix is strongly dependent on both r0 and l Therefore, it is worth 
determining the dependence of the relative flux Q/Q1 for am MPM of a given 

I thickness l with the pinhole radius j-0 In Fig 4, Ç/Çi is plotted versus /•„ for 
three particular values of the MPM thickness
In Figs 2 and 4, the flux normalization was accomplished relative to the flux 
corresponding to a pinhole with radius r0 =  1 pm In Fig 4 one can notice 
that in "the limit of large r0, the gas flux decreases with increasing of the poljnner 
layer thickness

On the other hand, Fig 5 present plots of Ç / Çi as function of l for three 
different values of r0 An interesting fact evidenced m Fig 5 is the compara­
tive msensivity of the permeability with respect to the polymer membrane 
thickness, especially for small pinholes For the typical pinhole radius of 1 pm, 
the predicted barrier properties are virtually independent of i A consequence
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th é  pinhdle radius.

l(|jm) ,

F.i g - 5 Relative flux dependence on the 
polymer substrate thickness

of the behavior presented in Figs 4 apd 5 is that if the gas'-barrier performance 
of an MPM is expressed m terms of the improvement ratio, that is, the ratio 
of the permeabilities of bare to  metallized mémbrane, then the ratio will have 
meaning only for a fixed substrate thickness' I t also follows that, tor a given 
metallization quality, the improvement ratio is dependent on the reciprocal 
of the film thickness- ' r

' Relative concentration profiles along the Oz and Or directions are plotted 
m Figs 6 and 7, versus relative membrane thickness, z / 1, and relative asso­
ciated cylinder diameter, 2г0/Ф, respectively. . -

One can find from fig. 6 that the relative conccntiation along the Oz axis is 
influenced both by r0 and l. For small-pinholes, the concentration profile is espe­
cially steep just below the edge of the pinhole and its steepness increases 
with l For example, in a 30 |im thick MPM with r0 = ,1 pim, c drops to half 

” of its initial value, c2, at a depth smaller than the rpdius of the pinhole As o'ne 
may observe from the plotted concentration -profiles, the case r0—- oo, i e. 
X/r0—► 0, will lead to a constant (dcjdz)r=0, which is characteristic for a bare 

' polymer membrane.
The dependence of the concentration on r0 and l along the Or axis shows 

some interesting features, as1 well (Fig 7) For small pinholes, the profile is 
very.steep near the pinhole and shows little if any dependence on the thickness 
of the MPM -For large-pinholes, the concentration profile becomes less steep 
in the vicinity of the pinhole and, at the same time, tlie gas spreads out more 
into the. thicker MPM. Figs. 6 and 7 seem to suggest that the gradient pre-

)

i /
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the  Oz axis
I

F i g  7 Relative concentration piofile 
along the Oi axis

scriptions used for the FEA calculations [7] represent a rather rough appro­
ximation, which, eventually, leads to an, overestimation of the overall rate of 
the gas transfer through an ideal MPM (see Fig..2).

Fig' 8 shows in Case I  the ' dependence 
of Zip, the z axis distance where the conceh- 1
trati on drops to half of its initial value, c2, 2 ‘ s t
on both /hand r0 One can easily observe t 1 1 1
that, for a given r0, z1/2 is relatively insen­
sitive. to l. On the other hand, for a given', 
l, Zip increases almost linearly with r0

The FDA was also used for gas flux cal­
culations in Case I I  For this purpose, Eq. (2) 
was solved subject to an appropriate set of 
boundary conditions :

, )̂ — 2̂ for all r (14)
c{l,r) =  cr for r < r\ (15)

\(dcjdz)z=i =  0 for r >  r0 (16)
(dc/dr)^ '=  0 for all z (17)
(<9c/dr)r'=®/2 = 0 'for all z (18)

Finally, it was found that for a given r0 and 
l the gas flux is the same as. in Case I  This 
result is m good agreement with those found 
experimentally [10] for the permeation of He, 
'N2, Ar and C02 through PET membranes de-

1-
F i g  8 ‘Dependence of the > z axis dis 

.tance where the concentration drops to 
half of its  upstream  value, c2, on the 
MPM thickness and on the pinhole 

, radius ;
/

I



1 2 T. A. BEU, P, MERCEA, D. SILIPAS

F i g  9 Calculated normalized 
concentration profiles for the pei- 
m eation of a gas through a MPM 

m  Case 11.

posited with Pd Moreover, this result'may be of practical yalue, because it 
allows one to deposit the metal layer m such a way as to be protected iroin 
any chemical or mechanical damage. The concentration pioilles tor a MPM 
withgeo metrical parameters l =  15 pm and r0 =  1 pm _ are given m Fig. 9 Pet 
us compare Fig. 9 with the corresponding figure in Case I, l e Fig 3c.
One can observe that by reversing Fig 3c with respect to the Or axis, and by 

'summing up the relative concentrations, cjc2, at every point of these concentra­
tion profiles, one obtains the constant value 1

We have plotted m Fig 10 the concentration profiles for the gas permea­
tion through an MPM in Case I I I  The geometrical parameters - employed 
were r0 =  1 pm for both pinholes, l =  15 pm and the center of the pinhole of 
the downstream métal layer is located at Ф/4 from the Oz axis 
However,I these results should be considered as qualitative Since our two- 
dimensional approach to the solution of the Laplace equation implies a î evolu­
tion symmetry of the solution with respect to the Oz axis, the three-dimensional 
representation of the downstream metal1 layer defect depicted m Fig 10 would 

, be a circular groove, rather- t-lian a pinhole Thus, the flux of gas which is allo­
wed to cross the MPM will be overestimated Reliable results m Case I I I  could 
only be obtained as part of a consistent three-dimensional approach

Conclusions. The FDA calculations used m order to solve the two-dimen­
sional Laplace equation for c(z,r), yielded some lnleiestmg îesults concerning 
the permeation of gases 'through MPM. ,

F i g  10 , Calculated normalized 
concentration profiles for the per­
m eation of gases through an MPM 

in Case 111.
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. Taking into account the features of the metal layer'deposited onto the 
polymeric substrate, the geometrical parameters of the MPM and the thermo- 
dinanuc working, conditions, there have been determined with satisfactory 
accuracy the fluxes oi gas which permeate through an MPM.

At the present stage of development of our theoretical model, it seems that 
the relative discrepancies' between the theoretical and the experimental data, 
besides the causes already mentioned, might ■ be due to the insufficient accu­
racy m the determination of the pinhole distribution according to size. As 
discussed in [10], this distribution has been established for1 a 30 cm2 MPM' 
from a 5 X 5 mm area

The concentration profiles of Figs 3, 9 and 10 validate the assumption 
that the penetrant gas does-not diffuse beyond the cylindrical boundary of a 
single-pinhole MPM Generally, the gas concentration at this boundary is very 
low, le ss 'th an '1% from its largest value, c2 -- - -

'From Fig 4 'one may draw a conclusion with a practical value the impro­
vement ratio _ for the permeability of an MPM, with many large i pinholes, 
may be increased by increasing the polymer membrane thickness. Howe­
ver, the gas flux does not decrease proportional to the increase of l. , ,

Figs 6, 7 and 8 demonstrate that the barrier properties of the pplymenc 
substrate immediately beneath the metal coating' are critical m determining 
the permeability of the MPM. As discussed in [7], under some circumstances, 
the barrier properties of this part of the polymer membrane may be made 
dissimilar to the bulk of the MPM For example, where the membrane is la- 
quered with a less permeable material aná then metallized pver_the laquer, 
one can reduce drastically the rate of gas transfer through the MPM On the 
other hand, when there is a thin coating, made of a more permeable polymer, 
on the polymeric substrate, then the flux of gas which permeates through the 
MPM can also be altered
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GENERALIZATION OF LAGRANGE’S EQUATIONS OF THE 
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CONSTANTIN TUD OSIE*
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] ABSTRACT. — In  th is paper Lagrange's equations of the first kind are gene- ' 
ra lu ed  w ith  th e  aim to  establish a system  of equations th a t allow to determ ine 1 
the  higher order accelerations, by determ ining their solutions The established 
m tegro-differential equations yield, Lagrange's equations for n  =  3 ~) 1 ■

1. Introduction. The higher order accelerations occur directly in thé dyna­
mics of all complex phenomena with a veiy fast evolution Their determination 
by the method of successive derivations most ofen leads to great difficulties 
of mathematical calculation. A direct method to determine these accelerations, 
of any order n >  2, is possible by,passing from the differential equations of 
the classical mechanics to the equations of the mathematical physics.

In  this paper, Lagrange’s equations of the first kind are generalized with 
the purpose of establishing a system of equations m which the higher order 
accelerations might be obtained b y 1 determining their solutions. For the order 
,of the acceleration coinciding with the order of the derivative, x  is called zero 
order acceleration, and я first order acceleration.

2. Establishment of the equations. I t  is known that in vectorial form
.Lagrange’s equations of the first kind are' [3] y

where.

m,rt = ' F t (t, r urt) +

(*' =  1 ,2,3, . . . ,  N),
, ' ' /

V. +  k
J!_
dz, ’

' i _ t
is "the nabla operator” and A,(/) — “Lagrange’s multiplications”. 
System (1) and Eqs (2) describe'the motion

fAt> rv h.  ■■■> Ы  =  0. 
Q =  E 2, 3........ A).

( 1 )

(2)

In the scalar form, (1) and (2) make up a s ystem (Ç) of 3N  -j- h equations 
with the same number of unknown functions {xx(t), y,(t), zx(t), (/)}.

* Polytechnic Institute, 3400 Cluj-Napoca, Romania
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íh e  second order accelerations are written under the'form :

r :t(a) . c
*, =  22 rt (°) y  + \

(Г0  =  0

{t -
'(» -  3) 1 '

<Pt,,.(s) ds, (3 )

where
(»)
r] =  <p,„,(0. (г' =  1. 2, 3, . Щ,' (n =  3, 4, 5,

From.(l) and (3) it follows ‘

,) s)cpuil(̂ ) ds — о, (4)

(г =  1, 2, 3, , N), (n =  3, 4, 5, .),
where

r„ r,\ = (m,)-

K  H s) -  (t ~ s)"~%

' _ . h я—3 (2 + o) ',c
F,(t, rt, rt) +.Ş2  -  22 r< (°) +

j=i ,A
The mtegro-differential équations (4) represent “the generalization of Tag- 

range's equations” oi the iirst kind, m vectorial form, In scalar form, “the 
.generalization of Tagrange’s equations”- results from -(4), [2]

1 . ‘
X b„(t, x„ X,) —  ̂K n{t, s) xti„(s) ds =  0,

O '  " ' 't '
i t i

\  Y bn(t, У» Vi)— ^X„{t,'S)-yun{s)às =  0, q
(5)

Zti„(r, z„ z,) —  ̂K„{t, s)z,,„(s)ds =  0,
I о

■(*•= 1,2,3, (n — 3, 4, 5, .. ),
'where -

X,;„(t, x„X,) '= (от,) 1 

YU*. У»У\) =  («O-1

I л Z f  , 1 - 3  ( 2 + o )  , 0

+  - £  (°)t îo=0 '
Л .  Я/- 1 « — 3 (2 +  o) yc

L M  ë?* í =ó a '
í r  Л Я/- îi —3(2 +  o) *a

Zv,(f; *„ z,) =  (от,)’1 Z',(i, z„ z,) +  Ë  ^  ~ E  (°) “ 7 '
L 8z' \  °=o ° 1 -
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The equations associated to Eqs. (5) result from (2)
/3 {t, *i> У1 , zi< хг, y  2> z2, . , xN, yN, zN) =  0, (6)

(; =  1,2,3, .,/*).
In vectorial form, Eagrance’s equations (1) are obtained from the general 

ones (4), for n =  3 The problem of the higher order accelerations (n =  3, 4, 5,
. . ) can be solved by Eqs (5) and (6).

3. Application. Eet us determine’ the fourth order acceleration of a heavy 
point, oi mass m, mobile without friction on a plane which rotates with the 
constant angular velocity w about the horizontal axis Ox, contained m the plane 
At the initial moment, t =  0, the mobile plane is horizontal, with conditions
*(0) =  *o, MO) =  v0. MO) =  0, *(0) = 0 ,  y(0) =  f  , m  =  0Iti>

Solution Fiom the equation of the mobile plane
f{t,y,z) =  у  sin at — z cos оú =  0, (7)

it follows ,

— =  0, — =  sin cút, — =  —cos at. (8)8x dy \dz
Considering the Cartesian trihedron Oxyz with the axis Oz vertically ascen­

dant, the differential equations of the motion of heavy point are

X =  0; mÿ =  X sin u>t, mz =  — {mg +  X cos a>i) - (9)
For i =  l and n =  4, Eqs. (5) become

t

A S )  — (t, s) дг4 (s) ds =_0,
П

i

B S .  *  -  s)y4(s )d s= 0 , 4 (10)
*’ 0 '

t

C4 {t, xl —  ̂K A [t, s') zi (s)’ds =  0,
0

where
K S ,  s) = t — s,

(2 +  o f
a s ) = -  E  *(°) (И)

Bi (t, X) =  (m) 1 X sin ы t
1 (2 +  0) ja

E M ° )  - ( 12)

2 — Physica nr 1/1990
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С4 [t, X) =  —(от) 1 (mg +  X cos со/) — У^я(О) — . (13)

By substituting (9) m the second order derivative of Eq. (7), one obtains 
X(/, y, z) =  —m [g cos со/ +  2co (у cos со/ +  z sm со/) ] (14)

By eliminating z between Eq (7) and its first derivative, it follows

У (t,y, У) =  —от [geos со/ +  ,2co ' (15)
x ^ COS bit COS4ÜÍ J /

By substituting (15) in (12), one obtains 

Di(t,y,y)  =  -
a . 1 (2+°) V'
— sin 2co/ +  2co(y/gco/+ со_y/2gco/) +  У~) y(o)
2 • G  I

(16)

By eliminating y between Eq (7) and its first derivative, it follows
co s  со/Х(/, z, z) =  —m g cos со/ +  2co 

By substituting (17) in (13), one obtains 

G4(/, z , z ) = —g sm2co/ +  2co (z ctg со/ —

---1-----
Sill со/

(ùZ-
s m 2co/ )]• (17 )

1 (2+o) ft
C02 ctg2 со/) -  У) ф )  -  . (18)

\  G  '
0  =  0

(0 * '
The accelerations y  and z, {% =  0, 1) are wiitten tinder the form

__3 (o) fa ^
У if) =  У) У (о) — +  \ Щ (/, s) y 4 (s) ds, 

a oJ .

2 (l + o) fa r
yif) = T \ y { p )  +  lÇ 4 (^ s )y 4 (s) ds,

° Î

л*) =  ê  *0)(°) +  \ Hii(’ s)** (s) ds> al i 2
2 ( l + o )  f a  r

z(1) — ЧГ) z(o) " +  V Qi (t,s)zi (s) ds,
- V  - o ! !

where • ,

Щ (/, s) (t -  *)»
<?«(*. s ) =

(Í -  s)«
6 '  -  2 

By substituting (19) — (22) m (16) and (18), it follows

(19)

(20) 
(21) 

(22)
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{ 1 (2 +  o) t o  Г_2 (H -о) /о  . f) 3 - (о) /о
-  sin 2cо/ +  V  31(0) — +  2w tg со/ £  3'(o) — +  CO tg со/ ]T) 3/(0)
2 ■ ÍÍ0 CT a = 0 ° a = 0

' +  ^  “  t g  CO / (t —s)2 +  2co tg со/ • Я 4(/, s)J3'4 (s) ds

1 (2 + o) jo ’ f 2 (1+a) /0 3 1 (o) ' ţo
.P ii1) =  S  sin2 ы  — У )  Ф ) — +  2co ctg со/, V ' г (о)' — — cocţgco/ V) гг(о) — 

f=o а’ l5=o •° |

ţ +  j со ctgco/[(/ — s)2 +  2coctg со/Я4 (/, s)}z4(s) ds
О 0

Taking mto account (23) and (24), system (10) becomes
t

A $ )  —  ̂Я 4 (/, s) *4(s) ds =  0,
0
t

u i{t) — ^ N i it, s) 3,«(s) ds =  0,
0 «
V'1 1

^ 00  — j 54 (/, s) 24 (s) ds =  0,

+

(23)

+

(24)

(25)

where

{ о  Г 1 (2+ 0) 2 '( l  +  o) ' 3 (о) -Ъ о  1
f  - sin 2co/ +  22 yio) +  2co tg со/ 22 З'(о) +  2co2tg2 со/ £  34°)N —}.4 .o  =  0 J o = 0  o =  0 < . a  j

(26)

F 4(/) = — g sin2 со/
1 (2+ o) 2 ( l+ o )  , 3 (o) '

£  г (o) — 2со ctg со/2^ (г (о) +  2со2 • ctg2 со/ ^  ф ).о  =  0 о =  0 , о = 0 i l '
о I

Я 4(/, s) =  К  lit, s). +  со tg со/'Я|(/, s) £l +  ^  tg со/ Я 4 (/, s)
ч

S4 (/, s) =  Я 4 (/, s) +  со ctg со/ Я | (/, s) [ l  +  Y  ct§ ы  K i it> s)

(27)

(28)

(29)

* By making use of (14) and the derivatives X and X, from the Eqs. (9) 
it follows directly and by derivation, for / =  0, the constants
■ ( o )  T • ,

' ' *(0) = '0 / {a =  2, 3, 4), -j?(0) -  0, y(0) =  - 2  cog,

Л(0) =  0, 4(0) =  g, ± 7  (0) =' 0, г4(0) •= - 4  со 2g.
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Eqs (25) are “Volterra type linear integral equations” of the first kind [4].

Determination of the solution of equations (25) The solution of the first 
equation in (25) is #4(i) =  0, which also results from the first equation in (9). 
The second and the third equations m (25) are solved by a method of nume­
rical integration On the interval [0, a], a >  0, one applies a method analo­
gous to that of the polygonal lines The interval [0, a] is diyided through the 
points tk = k — , k =  1, m, by using the quadrature formula [5], [6]

г к t  t
\ / ( s ) d s s  -  Х У  V (k =  1,2,3,J m v=i  ̂ m J

for the approximate calculation of the integrals For the second and the third 
equations m (25) systems (Çx) and (Q2) are obtained, having m algebric equa­
tions with m unknown quantities

(k =  1, 2, 3, . . . , « ) .
The unknown quantities of^the two systems ace

- Ул 2^-J, . . ,y 4(a),

The variation diagrams of the functions jq(/) and z^t), constructed thro- 
*. ugh the points th, (к =  1, m), represent the graphical approximation of the 
’ solution of the two equations in (25), on t*he interval [0, a], a >  0

In numerical values, the solution, of systems (30) and (31) is determined 
by the known methods [1] ' i

The module of the fourth order acceleration of the heavy point is

KOOI =  MW +  ZW)Y> ,
and vectorially

ă&) = y&)j  +
i , 1 , k being the unit vectors of the Cartesian trihedron Oxyz.
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ABSTRACT — Using tlie Haydock m a rs io n  method the density of states 
for the L a2C u04 high T c superconductor was computed The results, are in 
agreement p a itly  w ith the band structu re  calculations — the peak ju s t below 
the Ferm i level and pa itly  w ith the clustei-type calculation ,— the gap in  the 
density  of sta tes on Cu atoms

Before starting 1 any discussion on the mechanism oi superconductivity in 
the high 7Уs, one of the most basic question one must address, concerns their 
.electronic structure and the nature of the states at the Fermi level when the 
1 oxygen stoichiometry is changed and some atoms, are replaced -by, others • "

' Several rèpôrts " of the application: of band t heory 'to the new copper oxi­
des ’have already appeared [1 — 5]. While several- aspects of the band structu­
res of the 2—1—4 system [1—5] correlate well with experimental data such as 
the Fermi surface nesting [1, 2], the position of the van Hove singularity 
with a rigid band model for Tc[3] the transport properties and the ani­
sotrop of the Fermi velocities [6], some discrepances have been noted Feting, 
Wang and Harmon [7] and Sterne et al. ,[8] have failed to produce a stable 
antiferromagnetic ground state within the local spin density approximation
■ • On the other hand, recent experiments have revealed several new aspects 
The photoemission experiments have confirmed a strong Coulomb repulsion 
about 7 ev at Cu-site [9—11] A basic question is that the high TV s belong 
or not to the class of strongly correlated systems.
; The if, density of states (DOS) m the high T c ’s is spread out over a large 

energy range, 6—7 eV, suggesting that for these, states the 'band width may 
be small compared to the Coulomb ••interaction However, if the band struc­
ture !iS' investigated one can'see that the broad density of states results to a 
large extent from splittings due to the crystal field and not to the translatio­
nal symmetry In 1hese systems the, Coulomb and the exchange interac­
tions, the 0(2p) — Cu (3d) hybridisation, the multiplet structure and the crys­
ta l field splitting-are important [12, 13] . ^

Better approaches to describe' the electiomc structure of these systems 
are impurity-and cluster configuration interaction model calculations '[14, 15]
’ - г I ' *

N Assuming that superconductivity m the high Tc materials takes- place m 
the Cu02 planes, ’one then studies da Cu impurity m an oxygen band or a 
cluster of the type (CuO,4)6q (CuOJs~ or (CuO5)10_

* University f f  Cluj Vipjcx, of P’i/vcs, 3 D) Cluj Napoc i, Roi u r r
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Because there is a large number of similarities between.CuO and high 
7Уs, in many papers QuO is considered as a model material for the high T c 
compounds [17]. " '

Results and Discussions." The density of states (DOS) for the ideal Da2 Cu04 
compound'was calculated with parameters', ■ о , ’

e (x? — у2) — 0 - . e (px) =  0
t = - —1 ■ 6 eV , , ; -, '

the obtained results being shown is Figs 1 and 2 For e(3z2 — f~) =  0 an 
important maximum m DOS has appeared at the- Fermi level wjiich was done 
,by the 'out of plane (apex), oxÿgens The DOS for Cu (3z2 — r2) =  0 has two 
peaks, the Fermi level being on the highest m energy peak

The Cu (X2 — y2) orbital has a veiy small contribution to the DOS at 
the Fermi, level. The m plane oxygen has two [large peaks in the sanie'region 
as the Си-(я2 — у 2) DOS and a sharp peak at about 1 5 eV below the Fermi' 
level One can see fiom Fig 2a that the system hhs a metallic character - r

For e (3z2 — r2) =  — 1 eV, the DOS for Cu (x2 — y2) and m-plane i oxygen 
remain unchanged, the apex oxygen has a , sharp maximum ^t the Fermi level

- . / - '  ' 
F i g  h  ' /  , ' ‘ F i g - '  2,
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and the Cu (З22 — r2) has a gap at 
the Fermi leyel as one can see from 
Figs lb and 2b. The Fermi level 
shifts towards The lower energy

The changes m the shape of 
DOS when e (3z2 — r2) is var.ymg are 
shown m Fig 3. The A peak beco­
mes sharper and starting with z(3z2 —

' — r2) =  — 1 eVha new-peak C appe­
ars, which is shifted to the lower 
energies when e(3z2 — r2) is decreased 
(F g 4) The peaks В remain unchan­
ged One can see from Fig 4 that 
starting with e(3z2 — r2) =  —2 eV 
DOS for Cu (3z2 — r2) has no contri­
bution above the Fermi level ; From 
this, model one can see that the cor­
relation effect can be simulated con­
sidering two orbitals on Cu atom 
and - one orbital for each 'plane and 
apex oxygens.I Pig 3

I

The obtained results are in agreement with .the band structure theory having 
a peak just below the Fermi level and "at the same time in agreement with 
clusters-type calculation in which the DOS for copper atoms has a gap at the 
Fermi levél. - 1 . .

\

P i g .  4
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OXIGEN-VACANCY ORDERING AND DENSITY OF 'STATES 
’ ; ■ , ţ ‘ IN YBa2Cii30 7_ y
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AUSTHACT — Using Haydock recursion-mcthocl the density o£,states for the 
o ideied  vacancies 'm odel of Alario F ianco for Y B a2Cn )07_y was computed 
"With the oxygen vacancies concentration the changes of t h a , shape of the 
density  of sta tes was observed Due to isolated units of Cu—O —Cu from the 
chains, foi y >  0 25 a t E —Ej? ~  4eV,, a sharp peak in the density appeared, 
in qualitative agreem ent w ith  optical experiments

The high temperature súpeiconducting materials prepared to date contain, 
in varying degrees; structural disorder, manifested as [1 ] gram boundaries or 
extended detects or [2] compositional disoidei associated with randoin atomic 
substitution, oxygen vacancies, spmodal decomposition etc In particular, 
YBa2Cu30 7_j, has been shown to exist m a large compositional- range exten­
ding between YBa2Cu30 6 and Y,Ba2Cu30 7.

I t  was shown that the .oxygen stoichiometi y changes the superconducting 
temperatúre from about 93K for y  =  0 to 60 К at у  =  0.5' If the oxygen 
deficiency is larger, the superconducting propeities vanishes [1], the'materials 
are autiierromagnets with Neel temperature increasing with у  [2], the higher 
value, 500 K, being reported for у  — 1 Other1 reported results show that 
the slow extraction of oxygen at about 600 °C-the orthorhombic superconduc­
ting phase can,exist down to at least у =  0 7 [1]

The'oxygen vacancies also affect-, othei properties of these rrlaterials For 
lustance, the dependence of resistivity on the oxygen content at 120 К  shows- 
an increase with the increase of у  probably due to the' decrease of the carrier, 
densit}! ‘[3, 4] The maximum m resistivity was achieved probábly because of 
orthorhombic to tetragonal transition ^

1 The thermal conductivity for у  =  0 analogous to that of 'ordinary super­
conductors contaminated by impurities [5] m which the general part of the 
thermal conductivity is due to the phonons scattered mainly by the electrons. 
I t ivas found that % decreases with increasing of у  .at any temperature above 
Tc The maximum at 120 К at the same value of у  as for the resistivity and for 

„the thermoelectric power has beep found. I t  was done by the structuial tran­
sition from, the orthorhombic to tetragonal lattice at about у  =  0 6, or by the 
Mott, transition due to the small carrier density and disorder m the oxygen 
vacancies distribution. i

Using O—KdX ray emission and Cu—L X —ray sèlf-absorption spectro­
scopy F. Burgazy et al [5] showed that the valency of copper depends strongly 
on the oxygen content. " -
. 1 ‘ '

* University of Cluj-Napcoa, Department of Physics, 3400 Cluj-Nflpoca, Rbmanui
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At- the same time, the diffusion rate of oxygen in these ceramics de­
pends on y  [7] Detailed work by Kishio et ah [30], among others, [4, 6], 
shows an almost ■ linear dependence of y  on oxygen pressure at each tempe­
rature. - '

Structural properties. The first element of the YBa2Cu30 7_j, senes’ with 
y  =  0, .crystallizes m the orthorhombic system with the space group Pmmm 
and lattice parameters a0 =  3 8193 Â, &0 =  3 8852 Â and c0 =  11 6873 Â Be­
cause the a and Ъ parameters are quite equal, m  the calculations of the density 
of states we neglect this small distorsion. The end of the series, y  =  1, has ;a 
tetragonal isjunmetry with the parameters at =  3 8870 and ct =  11 8194 Â. 
In the 123 oxides the Cu (2) — 0 layers in the a —- Ъ plane form a mainly squ­
are, two dimensional Cu lattice with oxygen atoms situated midway between 
each nearest neighborr pair These layers are separated by  Y layers that contain 

„ no oxygen The Cu (1)'— 0 atoms form chains on the b axes between two Ba—0 
planes When oxygen is removed from the sample, it is 'the  0(4) site m the 
Cu (1) — 0 chains that is depleted For у  greater than about 0 5 the layer is 
further depleted of oxygen, an 'orthorhombic to tetragonal tiansition takes 
place, and superconductivity is lost ’ .

Recently, X ray — absorption : study [11] has shown that tlie distances 
between^ Cu atoms other from the unit cell ’increase only slightly from 5 to 
600 K, except for the shorter of the two Cu—Ba 1 distance) Cu (2) — Ba, which 
decreases with increasing temperature, results qualitatively consistent with 
the structural measurements. Similar features are observed for both- ortho­
rhombic and tetragonal samples No significant anomalies - are observed versus 
temperature. The X-ray absorption near - edge structure'supports the conclu­
sion that-the Cu(l) becomes monovalent as is ,Cu20  with a linear O—Cu—О 
structural configuration and 'a  3d10 electronic configuration whçn y  goes ,from 
7 to 6 ■ The valence for y  ~ 0 consist of a combination of Cun and Сиш

Khachaturyan and Morris [12] argued that the orthorhombic phase with 
intermediate concentrations of vacancies m the range 0 to 0 5 is not stable 
and the system tends, towards the two ordered structures (у =  1 and у  =  0). 
They have proposed a phasè diagram according to which an off-stoichiometric 
compound' with 0 <  y  <  1 should under .equilibrium conditions , split into a 
mixture of the two structures with y  — 1 and y  =  0 Also they have allowed 
for the possibility of this decomposition to proceed through a series of interme­
diate homologous ordered structures having oxygen stoichiometries 7— 
— {{nj2n +, 1)) where n is a positive integer Chen et al [8] observed vacancy 
ordered’domains m -three dimensions by electron microscopy experiments. 
Similar domains were observed by Wei der et al (13] -the dimensions being 
100—500 Â along the b direction, 15—50 Â along the a direction a n d ' l l A  
[16], or 150 Â [15], along the c direction These domains were estimated to 
form m about 3 to 10% of the volume samples The above observations .were 
done on prepared oxygen deficient samples -Without thermal ageing. In the 
samples with equalibnum structures obtained by thermal ageing the decomposi­
tion and ordering were observed for у  =  0 27 [8] and _y =  0 22 [15] For in­

stance in samples aged 672 hours 15% is in tetragonal phase with у  =  0.85 
the remaing being in orthorhombic phase w ithy  =  0.11 [15].

I ' '
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Raveau and coworkers [16] pointed out that in the 123 ceramic oxides 
there is a mixing of superconductive YBa2CuJrCuni0 7 regions and of insulating 
regions of YBaaCu^ChdOg and. that m average Tc is proportional to the 
Cum/Cur total ratio.

Based on electron diffraction experiments Alario F Fanco et al [17] 
proposed ordering oxygen vacancies models for YBa2Cu30 7_>, where y  =  0 125n 
and 0 < n < 8 For n =  1, 2 and 3 the unit cell has the same parameters 
a =  2*J2a0, b =  2 ^ 2 b0, and c =  Зя0, The stiuctures were obtained by elimi­
nation of one, out of every eight oxygen atoms of the basal plane for n =  1 
two and three for n = 2 or n =  3

For n =  4, (y =  0 5), the consecutive fourth oxygen form the same row 
were taken and the unit cell parameters became a =  2a, b =  b and с = 3a
1 For n = 5 6 and,7 the structure was obtained replacing the oxygen atoms 
by oxygen vacancies and vice-versa the resulting tetragonal unit cells having* 
the parameters 2^/2at x  2^2bt X  ct where subindices " t” refer to the tetra- 
"gonal cell For n =  8, l e* for YBaj Cu3 O0, a tetragonal cell results, coires- 
pondmg to the total absence of oxygen m the basal plane of the structure 
with the parameters a0 X  a0 X  3a0

It seems important to notice that the 123 compounds have a structural 
phase transition at 220 K, which lower the symmetry to Pmm2 as was revealed 
by ultrasomc measurements [29], and that the orthorhombic to tetragonal tran­
sition a t 970K is believed to be an order disorder transition [7].

Optical properties. Electron spectroscopy has provided most of the direct 
information about the electronic configurations m this, class of oxides [18—20] 
From photoelectron spectroscopy, resulted that the density of- states at the 
Fermi level is, surprisingly, very'low for all these materials. A valence band is 
about 5eV wide and is centered at 4 eV below the EF All of these materials 
show distinct peaks at 9 5 eV and 12 5 eV. No sharp Fermi edge is observed and 
the density ot states near EF appears to be consistent with a semiconducting 
behaviour m the normal state. In YBa2Cu30 7 the band centered at 4 eV is de­
composed m two features located at 2 3 and 4 5 eV This two components are 
attributed to Cu 3d and 0 2p features the study of the cross-section of the 
tjvo valence bands features showed tţiat there are strong covalent interac­
tions between the Cu 3d ançl 0 2p levels I t was reaveled that the Coulomb 
correlation of Cu 3d holes is about 6 eV. At the same time, it is4kuown that 
the correlation energy of two 0 2p , holes on a single site is greater than 8 
eV [21] and on different neighboring ligands is about 4 5 eV These results 
imply that correlation effects dominate m the YBaCuO that means that one- 
electron theories of the electronic structure are not able to adequately describe 
these materials X-ray photoemission and Auger measurements [22] support 
the same idea A large number of papers reported optical reflectance and ellip- 
sometric measurements [23—27] In YBaCu07 compound three bands at
2 8, 4 1 and 4 7 eV were found The substitution of Y atoms by other lantha­
nide atoms do not significant by change the spectra, except for a red shift of 
,the 2 8 eV band with ionic radius of rare earth element With decreasing the' 
oxygen content the 2 8 eV baud shifts to lower position and the spectra are
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I ,
dominated by two rather sharp structures at 1 75 and 4.08 eV. The 4 08 eV 
decrese linearly m intensity,! and shifts to higher energy with increasing the oxy­
gen content At low temperature limit three satellites at 3 95 and 3,73 appear 
The 1 75 eV band intensity decreases with y, and appers only as a weak 
shoulder as in the reilectivity measurements [28]

The computational model, results and discussions. The superconducting 
properties of the this' new class seem to be entailed by the special arrangement 
of, copper and oxygen; in planes and rows. I t t  was shown that the oxygen va­
cancies appeared m 0(1) positions from the b axis. The oxygen vacancies orde­
ring is ak subject'of study both of itheorethical and experimental points of view 
Is was shown that for somp values of oxigen content; the oxygen vacancies 
ordering,'as a thermodynamical property-is not forbidden The experimental 
evidenbe, j especially that of electronr diffraction, shaws an oxygen vacancies 
ordering and a supercell behaviour. ' .

- The density of states was computed for the ordering vacancies model of 
Alano Franco [17]. Detailed-band structuré calculations [18] show a.remar- 
cable simple band structure near EF Four bands, cross the Fermi level Two 
of them,, strongly dispersed, consist of Cu2 (d^_y,) —О (py) — О (py) combina­
tions and haye a 2D character. The Cui (dx*_p) — О (py) — 0  (p y) antibonding 
band shows the ID dispersion expected from the C ul—О—CuA linear chains. 
The П bonding band formed from the Cu2 (dx̂ y~) —(px)—О (py) orbitals is almost 
entirely occupied for the у  =  0 compound lies just below the Fermi level 
and gives rise two peaks m the density of states near the EF, making the 
density of states at  EF very sensitive for the oxigen vacancies concentrations. 
Using these informations m order to compute the density of states near the 
Fermi level, we used only the orbitals involved m the interactions .which 
have1 contributions at the EF. At the same time, because the distances d (Cu— 
—01) =  1.85 A and i?(Cu—02)— 2 303 A the interaction Cu—02 were neglected, 

’which means that the chains and the planes are enterely decoupled.
In the recursion method the local density of states defined by

, N  (E, R) = \<n\cf. A >  | <pS (£ — Ef ) '
where |и>  and E  are eigenfunctions of the system and | aA> a localized orbita 
a, located at R, was computed using the Green function ,

N  (e, R) =  — 1  Im <  aA \ G (E +  Ю) \ <xA>■

The ortogonal basis \n) was generated by means of a recursion algorithm 
H  I n) =; a„\n} — bn\n — 1} + bll+1 \n + 1} 

in which ,
|0} =  |0 > .  ' - ■

A tight binding hamiltonian was used

к > ^ < j\ + £  s.K > s, < i\
' V • - » '
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where ttJ were computed'' in Slater—Koster approximation The orbitals '|f>  
are and d3l«_r=for Cu atoms and p*, p'j,1 or рг for1 oxygen atoms. The self
energies for the copper atoms were s (Cu(l)) =  1 1 eV ' >

, . e (Cu(2) j =  1 23 e V  '
e (0(1)) =  ê(0(4)) =  s (0(3)) =  0, B u l le t . [32 J

The diffraction experiments show a low" correlatión ш oxygen vacancies orde­
ring m the c axis That is why in computation we used two independent pla­
nes and one chain which have an uncorrélated behaviour

The results 'are shown m Figs 1 and 2 The Fermi leyel is moving to 
' higher energies, which shows that as we expected the oxygen vacancies act 

as dopants The densit}- of states at’ the Fermi level L hase two maxima, one 
for y  =  0 250 and one fór y =  0 750 The fust maximum appeared because at 

’ this concentration of vacancies one C/ii atom becomes isolated from other atoms 
' from the chains, which gives a sharp peak m the density of states at EF. The 
general feature is .that the antibonding states are below thei-E^ with a small 
contribution at the EF and the antibonding states have the maximum in the 
vecimty of EF but ,ior EF >  E

The density of states for YBa2Cu30 7_j. are geneially m qualitative agree­
ment with band stricture calculations The shape of the DOS fdr' Cu(l), 0(1)

■ and 0(2) are almost the same m band structure calculations as m our îesults 
The Cu(l), 0(1) ancl 0(2) started as m the baud structure calculations below 
the Fermi level, the bands having a width of about 8 eV. The peak from 
щ bonding appeares m both methods-between —2eV and О

1 30 Y CR1SAN et al • ,
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One major difference was, found The —0.5 eV peak from, band structure 
calculation was not obtained in our calculation, and it seems that our results- 
are m better agreement with Fujimori’s optical experiments [19].

'A s thë oxygen vacancies concentration increases a sharp'peak at E —Epx  
»  4eV appeares. This peak, which appeared only m compounds with oxygen 
vacancies increases in intensity as y  increases and at the same time shifts 
to lower energy. Our results, ,(Fig. 2), in qualitative agreement with optical 
experiments, show that the isolated umts of Cu—O—Cu from the chains are 
responsible for this]

The density of states at the Fermi level varies with' oxygen vacancies con­
centration, as in Fig. 3' At the same time, the.Fermi level shifts towards the 
higher energy, as the oxygen vacancies .increase, m agreement with experi­
mental and theoretical [3] assignments.
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VARACTOR TUNED VAWEGUIDE IMPATT OSCIDDATOR DESIGN

Theory. I t is assumed a rectangular vaweguide structure as shown m Fig. 1. 
Both the IMPATT and the varactor diodes are disposed along the % axis. 
Following the Osman procedure [2], the two posts are considered as two coup­
led antennas. Taking into account The contributions of all the armonic modes, 
for each »"spatial harmonic, a coupling network may be postulated In this way 
the complet equivalent circuit will consist of an infinit number ol such coup­
ling circuits, corresponding to all values of n , from zero to infinit (Fig 2a). 
The T coupling networks are prefered because of the better physical insight of 
the problem-. ! ,In concordance with' these, it may be defined the following 
Zln =  the seiies impedance of the T coupling network corresponding to the 
n-th  spatial 'mode,

Z2II =  the shunt arm impedance of the T  coupling network,
Zhl and Z  are’ the following expressions • ,

D. IANCU and D. STÄMILÄ

Reaeved November 15, 1989
!

ABSTRACT. — This paper presents a complete calculus method for a varactor 
tuned  IM PATT oscillator W e have followed the E isenhart and K han calculus 
method [1], 'for a single 'post m onture, extended to  two posts, one for the IM­
PATT and the second for the varactor diode The theoretical bandw idth for 
th is oscillator was determ ined by means of a computer program Experim ental 
we have obtained a 0 3 GHz bandw idth, m good agi cement w ith the experi- 
rim ental value '  „ _

( i )

(2)

У

P i g  1 Parallel type varactor- 
tuned  IM PATT oscillator (gene­

ral structure)

* Uutvemty of Cluj-Napoca, Department of Physics, 3400 Cluj-Napoca, Romania

3  — Physica nr 1/1990
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F i g  2 a) -  coupling netw oiks for all n  >  0 , Ъ) T  netw ork coupling for the two gaps for n  =  0 , 
c) Rearranged T  coupling netw ok for n  =  0 , d) Complet equivalent circuit and th e  coupling net­

w ork for all n  modes

К  = к . mz jj. 4 жте , §» =X b a

-К pm =  sin i£,s s i n  0»! jy 
n > I'-gn — cos K yh
0 m

г  =mn m  +  к-у II1 . g
2b ’

1 , for П =  0 
0, for n Ф 0 

sin 0 n
0n '■

ttlTTG)
,, =  ^ Г  '

T) = | / — =  376 6 . 

For the dominant mode TlÊ o,

^io =  77) ^
Ji!pm

m = 2,4,6

and

2 1«  r ioj  a J “ 2
K.pm

(2)'

(3)

(4)

First term of the Z20 expression is real and represents half of the characte­
ristic impedance of the guide, referred to the post position as shown m Fig. 
2b If it is interpreted as being the parallel combination of the impedances 
presented by the guide at the plane Z, =  0 for both directions of propagation 
the network may be redrawn as m Fig 2c.
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According to the above representation this impedance term may be repre­
sented as a termination of the mount, this permitting to consider the mount 
as an obstacle m guide

Using the coupling network presented m Fig 2a, a single network with 
shunt and senes admitances may be obtained as shows Fig 2d, having the 
following expressions . ■ ,

11 =  1

Ъ K 2 — K i KpjKl») V 1

»=1

0'2yi

к г  11,3,5
b К 2 -  K l  “ К  pmi К  gn \

■rç к  4J г 1т = 2,4,6 тп )
К 2- к * у . ^  Щ т/К* \ - 1gn 1

к «i= 1,3,5

(5)

(6)'

The network presented in Fig 2d, after1 Д/У transformation becomes as may 
be seen in Fig 3, where

Za Zx* Zs 
25Гю + Zs (7)

Zb2 —
72mo

2Zo + z s (8)

= Zbl Zb2 (9)
where Z is the second term m the expression of Z20 considered as an obstacle , 
the mount impedance is given b y .

2- - * ï r * *  + ï ( 2- + Â ) , ( 10 )
z c + z t !

where Zg is the impedance of the devices assumed identical In the case when 
the gaps are open, Zg will represent the gaps static capacitance

Both for the IMPATT and varactor diodes we used a simplified equivalent 
circuits represented m Fig 4

Replacing Z n  with equivalent circuit of the IMPATT diode and Zg2 with 
the equivalent circuit of the varactor diode, m the equivalent circuit shown m 

, Fig 3, we will obtain the complete equivalent circuit

F i g  3 Equivalent circuit after Д/Y  tran s­
formation

F i g  4 a) E quivalent circuit for IMPATT 
dev ice , b) E quivalent circuit for varactor 

device
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If the post diameter is greater than 1 mm, the effect of the phase variation 
of the field across the posts in the Z  direction is more evident [3]. In account 
of this effect, a new reactance xic may be insert in the equivalent circuit, thus' 
the final equvalenti cncuit may be seen m Fig 5 -,

The expression of xsc is given b y .

referi ed to the center of the guide
Experiment. On the basis of the above theoretical discussion we have been 

realized an oscillator piesented in Fig 6
The values of the Za, Zb and Zc impedances as a function of the micro- 

wave length have been determined by means of the qomputerj program The 
plot of these functions, for different values of the post diameter, are shown 
m Fig. 7

F i g  7 The plot of microwave length as function of Z a,Z ^  and Z : for different
values of post diam eter
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F i g  7

There have been used as' active devices, two diodes with following’para­
meters . r - - •

L(nH) C^(nH) R p № ) - R s[n) C*(pF) ' Cpi{pF) С*(рР)

IMPATT • 0 6 0 3 pF - 2 0 52

VARACTOR , 0 6 0 3 pF 1 1 08 3 23
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Following the genefal method used to determine the resonance condition 
for the network presented in Fig. 5, we found the resonance frequency f 1 =  
=  1 0909 X 10« Hz for Cpl =  1.08 pF and /2 =  1.0526 X 1010 Hz for Qp2 =  
=  3 23 pF Taking into account these values of the resonance frequences, the 
bandwidth will be В =  383 MHz.

P i g  9 a) The plot of the power as a function of 
he voltage across the varaetoi d io d e , b) The plot 
of the frequency as a function of the voltage across 

the varactor diode

[Experimental, we found a 
300 MHz bandwidth for a zero to 
twenty volt triangular voltage, 
acioss the varactor.I

■ Fig 8 presents the photog­
raphy ol the oscillator, and Fig 9 
shows the plot of the microwave 
power and the frequency as a func­
tion ol the voltage acioss the vaia- 
ctor diode, drawn by means of the 
curve draiver PROCESSOR TYPE 
-4910/9.

Conclusion. On the basis of the 
experimental measurements, we 
may conclude that the above men­
tioned theory provides a fairly 

1 good method to characterize the 
parallel varactor-tuned waveguide 
IMP ATT oscilator.

г
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DEPENDENCE- OF THE EDECTRICAD RESISTANCE OF THE ZSM- 5  
TYPE ZEODITE CONTAINING CHROMIUM ON THE ATMOSPHERIC

PRESSURE

V. CRISTEA+, ELEONOIIA TRIE*, DORINA STRUGARU*, R. HUSSU** ***,
' GABRIELLA GIIEORGHE** ami IULIANA GIIOZA*'1 *

Rcccncd October 10 ̂  1989 I
ABSTRACT. — The paper piesents the influence of the atmospheric pres­
sure and of the therm al tiea tm en t upon the electrical resistance of the m ixtures' 
of HZSM —5 zeolite and various contents of C r03 The dependence R  =  R(p) 
changes from R  =  Rp 0~a for parent HZSM —5 zeolite to  R  =  R 0 — a In j> 
for m ixtuies y%  C r03 +  HZSM —5 and suggests th a t m the later case there 
are two or more conti lbuting effects to  the electrical conduction The 
param eter a mci cases w hen1 the concentration of the oxide increases and 
can be taken as a measuie of the electrical conductibility

/ " .
1. bitroduction. Owing to various utilizations, the aluminosilicates, of 

zeolite type stand m attention of many research centers in the latest decades 
Great attention has been devoted to the synthesis and to the physico-chemical 
properties of new types of zeolites crystallized m the presence of organic bases 
Ariiong these materials, zeolite ZSM —5 containing polyvalent ions has become 
a materirl of high commercial importance, especially in the conveision oi metha­
nol into hydrocarbons Increasing interest has been devoted to'ZSM —5 zeolites 
containing chromium (Si/Al =  47 2)

The introduction of chromium ions in cation sites has been earned out - 
by solid state reaction betweep HZSM—5 zeolite and CiOg oxide

The migration, the distiibution and the valence of the chromium ions is 
mterestmg irom both the theoretical and practical viewpoint [1—3] Our 
study describes the influence ol the atmospheric pressure and of the thermal 
treatment upon the electrical resistance of the ZSM —5 zeolite containing chro­
mium - - - - e' f

2. Samples prepara (ion. Homogeneous mechanical mixtures of HZSM—5 
zeolite and vaiious contents (0%, 1%, 5°/0 and 10% wt) of Cr03 oxide were 
prepared These mixtures wcie then compacted as pellets under a pressure of 
3 x l0 8N/m2 Some pellets' were obtained from mixtures calcined previously 
at 1073 K On each pellets, the Ag [electrodes weie deposed by'vacuum evapo­
ration The pellets equipped with Ag electrodesi weie keeped m air at room tem­
perature

*  University of C l t ij -Xajoci ,  D it j f  Pr iv ie s ,  3 D )  C lu j -Xapom , Ro na : m
* * ’ I C I T P R ,  2 0 )0  Ploieşti,  Rom ania

* * *  Sccondaiy  School, 3360 Copäceni, Ro i ia n ta
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3. Results and Discussion. ' The expe­
rimental procedure has been described m 
oar earlier work [4] Owing to the depende 
ence of the resistance on the applied ten­
sion, all measurements were performed by 
maintamung a constant value of the ap­
plied tension (100 V)

In Fig 1, the variatio'n of the resis­
tance with pressure for the parent zeolites 
(0% Cr03) is shown, m bolth' the semilo- 
garithmic (a) -and the doublelogarithmic 
scale (b) I t can be seen that the experi­
mental points descnbe, m a quite good 
aproxunation, a lme of the type :

ln R =  In R 0 — a. In p (1)
or - Щ = R 0 (Г)

where R 0 =  2 57 x 10:2£I and a =  1 05. .
In a previous study [4] we obtained 

or Y type ■ zeolites a relationship of the 
form

Rp =  const. (1")
whichis similar to the-(1 ') one, when« = 1 ’ 1?lg. f The piessure dcpe„dcnce of the

The relationship (1 ') shows the cie- electrical insistance far paren t HZSM —5 
creasing of the carriersN mobility 'with pre- zeolite a) semilogaritlimic scale b) dou- 
ssuré diminution! which is’ accompanied bleioganthm ic scale
by 'w ater 1 extraction from' the pores of
the samples. The value of' a =  1 05, close to' unity, obtained for HZSM—5 
zeolites shows that the previous interpretation is valid also foi the ZSM —5 
type zeolites :

The pressure dependence of the resistance for samples containing 1% Cr0 3. 
is plotted in Fig 2. In  the high pressure range the experimental points describe 
a straighline ,,c” of the type

1 R =  R 0 — a In p  . - - (2)
A similar1 behaviour, line ,,d” , is obtained for samples heated previously 

at 1073 K- and keeped then m air, at loom temperature during five days The, 
values of the parameters R 0 and a' were found to be: R c =  1.55 X 109 £2 
ac =  1 23 X 10s, =  3 22 x 1010 Q. and ad =  2 75 x 109 respectively
' 'For samples containg higher concentrations of Ci03, the experimental results 
are presented in Fi§. 3, namely.

e) for uncalcined mixture of ZSM—5 and -5% Cr03, i .
f) for calcined mixture at 1073 К  of ZSM—5 and. 5% Cr03 ;
g) for uncalcined mixture of ZSM—5 and T0% СЮ3.

в



42 V. CRISTEA el al

At pressuieş higher than p  >  166 mmHg, the experimental points describe 
straighlmes corresponding to Bq. (2), with the parameters • '

Rc — 25.4 X IO8 O Rf =  1.29.X 10ni2 ’ ’ 1 Rg =  47 4 x 108Ü
' a, =  1 88 X 108 ' OLf =  1010 , a, =  3 79 X 108

It can be observed that the values of the parameteis R 0 and a depend on the 
concentration of Cr03 oxide and on the thermal'treatment history.

4 Conclusion. The pressure dependence of the electrical resistance of the 
paient zeolites can be described by relation Rpa = ,R0 (Г)

For mixtures of HZSM—5 with Cr03 oxide the pressure dependence of the 
electrical resistance is changed compared with than of the pure HZSM—5.

In D (Mm^l

F i g  2 ‘ The pressure dependence of the electrical 
resistance for 1% C r03 +  HZSM —5 m ixture c) for 
uncalcined m ixture d) for m ixture heated previously 

a t 1073 K .

The experimental points lie on the 
straighlme, R [= R 0 — «.lnp  (2). 
In the case of the [parent sample 
in a limited range of pressure only,
i.e 36 316 — <  p  <  98715 N/m2,»na
the function (1 ') may be appro­
ximated by the straighlme (2) ha­
ving the parameters R 0 =  3 x  108il 
and a =  2 5 X 107 For samples 
containing 1% Cr03, the parame­
ter a increases by an order of mag­
nitude, i.e , a0 =  =  1.23 X 108. By 
increasing the content of oxide, 
the parameter a increases' but its 
order of magnitude is not affected ' 
compared with samples containing 
1% Cr03. This indicates that only 
a limited number of metallic ions 
contributes to the conduction.
. The change of the function 
R =  R(p) from R =  F 0ÿ_a for pa­
rent HZSM—5 zeolite to R = R 0— 
— a In p for mixtures y%  Cr03 -f 
-(- HZSM—5, suggests that in the 
later case there are two dr more 
contributing effects to the electri­
cal conduction One of this is the io­
nic conductibility accomplished by 
chromium ions - (Cr2+ and Cr5+) as 
charge carriers. The ions migrate 
from outer surface of the zeolite 

into the pores of zeolite when’ the 
solid-state interaction .occurs bet­
ween H-zeolite and Cr03 oxide The
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solid-state interaction may occur 
slowly at room temperature also 
Hence, by BPR we detected [3] 
isolated ions for mixtures pre­
pared one year ago According 
to the BPR results, the incre­
ase of the parameter a, by at 
least one order of magnitude 
for calcined samples, indicates 
a greater number of lofls entered 
m canals and cavities of the 
zeolites

The formation of the Cr20 3 
crystalline compound evidenced 
by DRX, from Cr03 in excess, 
not interacted with zeolite, can 
also contribute to the increase 
of the a parameter value when 
increases the concentration of 
the Cr03 oxide in the mixture

For all investigated ’sam­
ples, a marked variation of the 
electrical resistance was observed 
m the normal ^pressure vicinity 
This indicates that the HZSM—5 
zeolite maybe dehydrated easier 
than'the Y type zeolites These 
results are in agreement with those obtamde by thermal analysis [5]. Indeed, 
the value of the endothermic peak has been obtained at T =  120 °C for 
HZSM—5 zeolite and at T =  220 °C for Y-typé zeolite, respectively. •

Our results suggest that the parameter a can be a measure of the electrical 
conductibility.

F i g  3 The pressure dependence of the  electrical jest 
stance for e) uncalcined m ixture of 5% C r03 -f HZSM —5 , 
f) calcined m ixture of 5% C r03,+  HZSMi—5, g) un- 

clacined m ixture of 10% C r03 -f HZSM —5
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SOURCES WITH IMPOSED MOTION IN THE THEORY OE GENERALIZED
; RELATIVITY

z.  g Ad o s *

Rcecivci January 19, 1990

ADSTHACT. — The gravific coupling between two bodies lias been studied in 
tw o cases For the  isolated system  consisting from two bodies it  is generally accep­
ted  th a t the system  has a natu ral (inertial) motion,, thus it  was studied m fact a 
m otion w ithout constrains T here-are  few investigations of the case in which 
one of these bodies (the source body S) has an imposed motion

In  this paper we stud )- the gravific action on the body S on the second 
body P which is considered w ithout '  constrains We showed the existence of 
the training effect which appears when the body S has an accelerated motion

I 1. The system consisting from .two material points. Lei us consider the 
vectors "ж and v denoting the position and the velocity of the material point P 
The same vectors for the'material pdint S are given function of-time, and will 
be denoted by X(t) and V(t). The rest masses of the two bodies are Respectively 
ma and M 0. ~ ■ - ' ■

If we are content with a second "older approximation the simplest possi­
bility to describe the motion of the material point P is given, by the Fock-Fich- 
tenholtz Lagrangean [1]. From this Lagrangean we keep only the terms which 
are-necessary for the description of the studied effect :

where

L =  1 - 4  7(0) +  7(0)] +
y ca 2r I

* -  X { t )X A  r = \ x - X ( t ) \ ,  n =

The Euler-Lagrange equation
■ 8 L ___ d_ f d L \

8x 4t  ̂őEJ
gives the motion equation of the material point P •

1 d (  m nv 
dt

V

о

p)n  +  ..
2;- 2 r

1 -

( 1 )

R

(3)

(4)

where we keep only the terms which,contain1 V =  A.

U n iv ersity  o f  C lu j-N a p o c a , D epartm ent o f  P h y s ic s , 34 0 0  C lu j~ N a p o c a , R o m a n ia

t
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r

From the Fq (4) results the existence of a training effect. The force asso­
ciated with the effect has two contributions The first one is acting on the 
imposed acceleration. The second contribution has a radial direction and is
sensitive dependent on the component (n, V) =  Ar of V for A r <  0 respectively 
A, >  0 the material point S is acting with a trapmg, respectively repulsion force 
on the material point P.

We also have to mention that
a) the component of the second tiammg force in direction of A has the 

positive expression
m 0\  A ' r •

\P \‘

b) if we denote the training force bj7 Fn, from (4) we get

(n, Fa) = {n, Ÿ), (n X F , ) = ^  (» X P) (6)
r ,

We also note that the coefficients from (6) have positive values.
2. The system consisting from two rigid spherical bodies. We consider now 

the case when the body P has a spherical shape with the radius ‘a and the 
rest mass m0 (the distribution of the rest mass is umform) which internet with 
a central spherical body S with the radius A and the rest mass M 0 (the dis­
tribution of the rest mass presents a spherical symmetry) The origin ol the refe­
rence system will be considered m the centre of the body S, which has a rota­
tion motion with' a variable angular velocity Q,(t) (the rotation axis crosses 
the origin) We will denote the position vector and the velocity of the center 
of the body P by x and v

a) The rotation-translation training effect In this case from the Fagrangean 
of the system we will consider the terms [2 ]

L = —m 1 -
4 w 0).H2 

3 r 3
а (ж, v, Û) +  . .

where
A

. a =  ’ an(  ̂ =  !J-(r)r”<i/
n

(|x being the mass density).
From (4) and (2) we get

d  , m 0v  \

dt
Am  0XA  2 

31* a ( Q . X % )  +  .

(7)

(8)

The material point m trained by a force which is acting m direct sens.
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,Ъ) The rptation-rotaţioyi training effect 
bes the system we keep the terms, [2 ]

From the Uagrangean which descri-

L' = 4яг0Х1S)C cna2A 2 [(Q, a>)r2 — 3(0, л;)(со, ж)] + (9)

(со being the angular velocity of the body denoted by P)

Using the equation of motion
' d I 3L \ (-> 8L >

dt ( sm ] ~  h  ~дЦ ’

we get ' '

a =  -  a [Or2 -  3(Й, *)*]+"■■■ч 3 I f *

V
From the Kq."(ll) we get the relations: t

1 ~*\ 4 \A 2 r+ Ft> A. 2XA2 1* Ft.(X, со)  ----— a[x} Í2), \x X со)  -------- a. (x X £2)., 3г3 , 3?3

( 10)

( i i )

( 12)

The radial component of О gives rise to a training effect m the positive sens 
(direct, sens) while the transverse component of this quantity (perpendicular on %) 
produces a training effect in the negative sens The resultant effect is obtained 

-from the superposition of the two opposite training effects'.
c) The 1 rotation-rotation training effect m  the case, of the internat Thirnng 

effect If the rest mass M 0 is distributed uniform^ on the spherical surface of 
radius A and with the center m the origine (0), and the rest mass, m0 is dis­
tributed uniformly, inside of the sphere with radius a and the center in 0, 
we have [3] • ' (

1
CÙ =  ----  Ü  +

ЗА
(13)

In this case we have a „pure” effect (m and О have the same direction) the 
obtained training being m the positive sens 1

3 Conclusions. For a gravific coupling between two bodies, the body having 
an imposed accelerated motion is acting on the second body by a training 
effect. ' ■ ‘ '

In any cases a direct training is obtained namely translation-translation 
training for the material points, • and the internal Thirring effect In the case 
of the rotation-rotation training the effect is sensitive to the geometry of the 
system because, in this case two contrary effects are competing.'
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Excepting the quantities V, D, the effect is also influenced by the dimension­
less quantities X/r, Ajr, but no dependence of m 0 has been observed.
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SOME CONSIDERATIONS CONCERNING ENERGY TRANSFER BY 
FASER IRRADIATION OF SOLID SAMPLES

' CĂLIN A-DI ANЛ CÂMPEAN», ЛС VASIU*» nud I. N. MIHĂILESCU***

-- Receiv d 'l'tbiunry.25, 1990 ■ .

ABSTI1ACT — I t  w."S observed a t resonance incidence th a t the absorbtion of 
laser radiation on m etanie surface is highly amplified, both w ithin and outside , 
the  irradiation s p o t 'T h is  has a particular in terest m  obtaining b e tte r energy 
coupling from a high 'in tensity  Insei radiation to  metallic samples.

Introduction. The occurrence of ŞPS (surface periodical structures) was 
shown to be a very general phenomenon [1—4]. A possible classification could 
divide the SPS that occur on sample surfaces',as- an effect of high-intensity 
laser irradiation into i) resonant surface i periodical structures (RSPS) that 
form during laser action and their characteristics can be related to the inci­
dent laser "beam parameters and, 11) non-rèsonant surface periodical structures 
(NRSPS)' which appear in -the molten lhateiiah after switching off the laser, 
and seem to have geometucal characteristics with no relation with the incident 
laser beam, parameters ' [1 ], [8 — 10 ] ' ■ ..

RSPS either induced on the surface of various materials under the action 
of high intensity laser irradiation, or preexisting on the suriace as a result oi 
a prior processing, was given a great deal of attention m connection with thèii 
influence on the optica! .characteristics of the surface -The possible changes -oi 
the superficial absorbtivitÿ A.J'may have large implications in any other phy­
sical processes on the'irradiated surface. ‘

I t was'Shown that RSPS formed'in the case of metals, result as an inter­
ference 'between the incident laser wave (IDW) and, the surface electromagnetic 
waves (SEW), which are,induced and propagate across the sample surface

We, shall review in this paper some recent results concerning the supple­
mentary , energy transfer from the laser radiation to RSPS metalic surfaces 

As for the mechanism involved in RSPS formation by high intensity lasei 
irradiation of solid samples, one can refer to [3], [4], [6], ([11], [12], [13]
[15].

Theoretical predictions. We have examined [16] the iutei action of a lasei 
beam of rectangular cross-section x0y 0, with RSPS-nddled, metallic surface oJ
a period A = ---- ----- , with'a sinusoidal profile, z { x )  = l i s  in ( g x ) ,  where h  is

- ~ „ 1 — sin 0 -  ‘

the amplitude depth of RSPS, g  is the RSPS inverse vector, g  =  ^  and k —

* Economic Lyceum, 3400 Cluj-Napoca, Romania
** University of Cluj-Napoca, Depaitment of Physics, 3400 Cluj-Napoca, Romanţa 

*+* Central Institute of Physics, 7000 Buçhaiest, Romania
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the wáve vector of the II/W We have considered that RSPS are covering only 
the irradiation spot.

The laser radiation is linearly polarized m the incidence plane with electri­
cal field, E, of. the IRW normal to RSPS grooves. л

We emphasize the following characteristics which are due to the laser radia­
tion absorbtion on the RSPS riddled surface, both within the limits of- the irra­
diation spot and outside it on the planar surface.

a) The fraction p  of th e , incident power (energy) which SEW evacuates 
along the Ox axis from the irradiation spot is .given by Г

p{x0, h) ~ M  — C(h) F 2(a.x0
«■d ■

( 1 )

where M  < 1 is a dimensionless constant very close to unity m case of metals-

t C(h)
Whl

(A2 +  AJ)S
(2)

F t[ax0) =  (1 — e -â )2l(2c/.x0)i
and

• « =  «d +  <*r =

(3)

(4)
is the SEW. attenuation „coeficient, taking into account the heat dissipation 
into the metal a.d and outside it, a,.

/  We suppose : '

7Г
a* =  0

n

(5)
(6)

A 0 is the absorptivity of, the planar surface of normal incidence, k and n are 
the absorptive index and refractive index ,o f‘the metal. 1

b) The fraction p of the power (energy) taken by SEW off the irradiation 
ispot is dissipated as heat on the planar surface of the target. The absorptivity 
determined 'in this case outside the irradiation spot is [16]

, A 2(x0, x t , h) = M(ccjcf.d)C{h) F 2(a.x0) [1 -  е~2аа^т~^'

' - , ~ p(x0l xt, h)[l -  ' (у)
Whenever the 'following condition is fulfilled

xT — x 0 ^  l/(2a‘) . (8),'
we have in the case № ^  h\

x0 ~  l,26/a(A) . (9)
the absorptivity A 2(x0, A)-*■ Л™“ (h) ~ p max ~ 0,8 l e. as much as 80% of the 
incident laser power (energy) is evacuated by SEW outside the irradiation 
spot where it is completely absorbed into the sample

4 — Physica n r 1/1990
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c) SE)W excitation determines also a supplementary, absorptivity in. the
limits of the irradiation spot, А г: - ,

: Ai{x0, h) =-C(h) F^ixxo)
where I

F^axg) ~ (2<xx0 — 3 +  4e~ax° — e~2ax°)l(2ctx0) 
if x0 > l/(2a) ,we have F^ocXg) ~ 1, and Fz(ax0) ~ 0.
. Therefore, from Eqs (7) and (11) we get

A x{xg, h) ~ A^h) =  MC{h)
A z{Xg, xT, h) ~ 0 I

i.e. SEW do not succeed to evacuate power (energy) outside thé irradiation spot.
d) In  the case we have , '

OLXg ^  1 ОГ '' ‘ ',
OiXg <  <  1

is easy to show that we get :
A^Xg, ^  A 2(xg, Xx, h) (12)

i.e. the incident laser power (energy) absorptivity outside the irradiation “spot 
can largely exceed the absorptivity within the limits of the irradiation spot.I . *

Conclusions, When the laser radiation is falling upon a RSPS riddled meta­
lic sample, the laser radiation absorption is governed by some important features.

1) A supplementary laser radiation absorption takes place, inside and out­
side the irradiation spot.
, 2) Bo,th supplementary absorptivities of the mcident> laser power (energ}?)
inside A x and outside A 2, the irradiation spot depend not only on the ampli­
tude depth h, of the RSPS, and also on spot dimension x0, while A'2 depends 
only on target dimension xx. ' ■

3) When we use an optimum choice of h0, x 0 and xT we’ get maximum 
values of A x and A 2. . ,

( 10)

( 10 )

( 11) '
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THERMISTANCE À ECHAUFFEMENT INDIRECT

C. CODHEANU* and S. CODHEANU**
-%1’

R e ç u  le  15 J a n v ie r , 1990 1

RÉSUMÉ. — On a étudié un  prototype-therm istance à échauffement indirect, 
en u tilisan t une therm istance originale miniaturisée sénu-réfractaire Nous avons 

, présenté les'charactéristiques i?(T) e t V (I), de même que1 les principaux para- - 
metres - Д-E, B, a.j- 4

' Introduction. On utilise ce type de dispositif électronique dans les cas où 
l’on exige une séparation électrique entre le circuit de commande, d’une part 
et le circuit commandé, d’autre part comme, par exemple — la télécommande 
des systèmes mécaniques, la protection de surcharge des .circuits électroniques, 
dans l’anémométrie etc Ce fait est possible par l’entremise d’un nncroréchaud, 
placé au voisinage immédiat du corp actif de la thermistance, de sorte que la 
chaleur dissipée par celui-là peut modifier le régime d’équilibre thermique de la 
thermistance.

'E \p£ rim en t. Nous avons réalisé une therm istance  p ro to type  en u tilisan t une therm istance  
sphérique m iniaturisée (d =  1,2 mm), m unie de sorties en fil P tI r , 'd o n t  le m atérie l est un  sèmi- 
conducter céram ique (JInO — CoO—EaBc), à p a r t ir  d ’une phase coulée, p a r une technologie 
spéciale [1] '

X,e microréchaud spiralé a u n e iés is tan ce  nom inale i? , =  2 ,90  ̂Tes deux élém ents son t in tro ­
duits dans une am poule cy linduque  en verte, rem plie d ’air sous pression norm ale, ay an t quatre 
sorties (contacts), comme on le v o it sur la  figure 1

Résultats et discussions. Ta caractéristique thermique expérimentale R^T), 
(fig 2), correspond trés bien, à la lois tliéonque [2 ].

R ^ T )l =  TTû ' exp B (H gL j

où T 0 =  293 K, RTo =  278,046 kÜ. ;
En analysant les fonctions Е 1(Г), et ln Ё г = /(1 /7 ’), (fig, 2), on a évalué 

les quelques principaux paramétres de la thermistance, présentés dans le tableau A-
V Tableau A

Résistance ndmmale -̂293 (kO) 278

Constante électronique ' Б (K )' 4833

Energie d 'ac tiv  therm  , - , AE (eV) 0,8

Coeff therm ique de I iT Cf J ' (% /K ) (5 ,6 -1 ,5 )

Temp m ax admise T  ni a \ (K) . 570

* L’InsUtvt Polytechnique de Cluj-Nnpoca, 3100 Cluj-Xapoca, Roumanie 
** U Uluversitc de Cluj-Napoca, 3d00 Ctuj-Napoca, Roumanie



THERMISTANCE A ECHAUFFEMENT INDIRECT 53

I Ţ (K)
Wig 2 .D ’après les valeurs de ДЕ et ar on peut 

supposé, d’une part, que la conductibilité _ 
électrique du matériel est i du type extrinsè­
que, et d’autre part, que la thermistance 
conserve une sensibilité thermique assez bonne 
même à des températures relativement élevées.

Da caractéristique de réchauffement 
E 1(Pà), où P 2 est la puissance électrique 
dissipée en P 2‘. est piésentée sur la figure 
3 On remarque une dépendance presque 
linéaire jusqu’à P 2 =  300 mW avec une varia­
tion dR JdP 2 =  0,5 kÜ/mW. (

( En considérant P 2 (max) =  600 mW, on 
obtient une résistance “chaude” de la ther­
mistance, Rc =  5 кП, d’où en résulte que ‘le 
coefficieut du couplage tlieimique K = P J P 2 
a la valeur 0,08 (8%)) où Р г = U-Jг =  
49 mW est la puissance qu’on doit dissiper 
en R x ainsi que R t =  Rc

Des caractéristiques statiques D1(I1) ont 
été relevées pour1 de différentes valeurs de <v 
la température extérieure et du courant élec­
trique d’échauffage I 2 Sur la figure 4 est . 
présentée; partiellement, la famille des cour­
bes obtenues, expérimentalement,
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Dans toutes les, variantes'étudiées on obtient, l'effet relais, pour des valeurs 
‘relativement faibles de P 2 (20—25) mW, fonction de 6 et I 2, ce qui. peimet 
un choix assez large des variantes d'utilisation du dispositif obtenu On rèmarque, 
par exemple, l ’équivalence des modifications de la caractéristique statique U(I) 
provoquées soit par là variation' de I 2 (200—400) mA, soit, par là variation cor­
respondante de T  (50—80) °C "

Conclusions. ,On peut doüc conclure que le prototype réalisé pourrait être 
utilisé efficacemént dans de différentes schémas de télécommande ou de télé­
réglage, surtout dans les cas où l’on dispose' de valeurs assez .élevées de P 2, 
sans une préamplification. .
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ABSTRACT. — The present cort elation analysis is based on our own observa­
tions which cover two decades We deduced an indirect interdependence bet­
ween the sunspots which fulfil certain conditions and the meteorological cyclones 
The physical relationship is m aterialized into a directed effect The indirect cause 

. is the sunspot, while the effect is ,th e  polar cyclone The phenomenon vrtli be 
called correlation, the .respective sunspot will be called coirelational sunspot, 
while th e , meteorogical formation will be called corielatioiial cy c lo n e 'In  the 
coi relational process, the interm ediary factor (modulator) is the solar p lasm a1 
(solar wind) ejected from the sunspot, which heats the tereslrial atmosphere, 
favouring the meteorological effect the atmospheric changes start, having as 
consequence the constitution of the cyclone

Some meteorological researches proved that, during certain time intervals, 
the air temperature and the quantity of precipitations change parallelly with 
the relative number of sunspots , for instance, maximum values of the air tem­
perature and rainfalls correspond to the maximum values' of the sunspot number. 
Such periods are followed by asynchronous intervals [6, 7]. The American resear­
chers Roberts and Olson have examined since 1964 those days when the geo­
magnetic activity showed appreciable increases' in intensity According to their 
supposition, the causes are solar They have also' studied the behaviour of the 
cyclones which start from the bay of Alaska and pass over the North—American 

'land, establishing that during an increased geomagnetic activity the cyclones 
are generally stronger than usually [8 ].'According, to the analysis of the data 
provided by three meteorological stations in Central Europe, as a consequence 
of violent solar flares, ten daj-s after, the atmospheric thermal values exceed 
considerably the. average of several years. This correlation is based on the 
analysis of 30 studied phenomena But there are remaining the following problems 
which is the origin of the warm air masses which cause the weather heating? 
Which is the path of these ones' ? What is the latitude up to which their influ­
ence can b'e tiacked? , ,

The above analysis is based on solar flares. But a solar flaie is a pheno- 
,menőn which appears suddenly and ends rapidly Only the corpuscular and 
electromagnetic radiation "directed towards It he Earth leach our planet, produ­
cing various effects [1—5] . -

Having in view these considerations, we dwelt upon the particles' ejected 
by the sunspots and transported through the solar wind Due to the relative

* Water Treatment Station, 3550 Salonta, Romania 
** Engineering Institute, 4800 Ваш Ma>&, Romania
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motions of the Sun and Earth, the Eaith  can cross several times the flow of 
particles ejected ,by one and the same sunspot

Our observations concerning the extent and position of the sunspots with 
respect to the central meridian (CM), as well as the weather conditions, started 
m 1971 [9, 10] We used a 15 cm reflector and took a particular'heed of the 
morphology of the clouds [11] In this way, it -was possible to perform a com­
parison 'between the positions of the sunspots appeared between 1971 — 1985 
in the CM region and the beginning of the precipitations from the clouds which 
covered the sky ''

The analysis we peiiormed showed that the respective clouds were not of 
local origin , they were belonging to a cyclone which affected most of our con­
tinent. The precipitation system of the cyclone leached Salonta the days when 
the sunspots crossed CM (obviously, on a stáüstical average , there were devia­
tions m time)

Table 1 lists the features of the solar events,-pi ovi de d by our observations 
compared with the observations performed at important centres of solar data 
[24, 25]. The heads of the columns signify No =  current number of the corre­
lational event, DCM =  day when the sunspot crossed CM, So =  hehographic 
latitude of the sunspot, MIC — P S McIntosh’s classification ; SGA =  area 
'of the sunspot group m millionths of solar area [25] , No. В =  current number 
of the sunspot group according to [24] , the notations in the last "column are 
A for authors’ observations, В for observations made m Bucharest [24], C for 
observations made in Catania [25]; the symbol “—" in SGA and No. В 
columns indicates the lack of data. (See pag 61.), I

The statistics of the correlational events is given in Table 2 ' ,
« - Table 2

"H u iricd ” cyclone 'i'Pate” cyclone

D eviations At (days) —3 —2 —1 0 - f l  + 2 -  + 3

Frequency of cases N 3 7 14 37 14 11 5
J

In most cases the deviations are of ± 1  day, namely the cyclone comes 
in Salonta one day sooner (the cyclone is “m a hurry”) or later (the. cyclone 
is “late”) The 2—3 days deviations are more scarce. The value'0 represents 
the most outstanding cases 'The corresponding histogram is ‘given m Fjg .1í  '  I , -  >

On the-[basis of the data listed m Table 2, the Gauss curve has the-expres­
sion i

iV(Ai) =  0.341 exp (-0.29(A02 +  0,365 Ai),
_ t

with Af-= 0 63 and c =  1 31,80% from cases lie into the range 2a, while -99% 
from cases lie into the range 3a The probability for a deviation of 4 days is 
P =  0.516% - '

, ' 1 1 V
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The correlational1 sunspot 
appears generally into a group. 
Such sunspoţs appear especi­
ally in the years of maximum 
solar activity, but they were 
also observed m years of mi­
nimum solar, activity, and 
even isolatedly The extent 
and compactness of the um­
bra from the sunspot penum­
bra proved to be decisive 
According to our observations, 
the sunspot umbra has a mini­
mum diameter of 20 000 km 
and a homogeneous, compact 

! ' structure, with unimportant
changes of shape duiing the 12 daj^s in which it can be observed The evolution 
of some correlational sunspot groups is plotted,m Fig 2

The sunspot'penumbra has a diameter of at least^ 30 000 km The 'correla­
tional sunspot can exist during several solar rotazions. According to Waldmeier

b -  25  JUNE-1977 -15 40- - e , -  3 JULY- 1977 15 25
c -  2G JUNE 1977 13 15 f -  A. JULY 1"77  15. 30

F i  g ' '2. ' - ' <■
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a sunspot group of maximum longevity was observed between August 23, 19,66 
.and January 8, 1967 (139'days), interval in. which the Sun performed 6 rota­
tions [12] According to Kuveler’s opinion, the stable sunspots are formed in 
less11 than 7 hours [13]. We observed’that at the beginning of ' the formation of 
■ a correlational sunspot group only two pores can be seen, passing after .three 
.days into the form "D” (according to P S McIntosh’s classification) , in the 
fourth day it appears under the form of the type “E ” ; this active surface 
appears again under the same form at the next rotation. In order to reach 
the Earth, the solar particle must originate in sunspots whose optimum position 
is East 91 CM'into a zone, lying into the Eastern extremity of the solar disk. 
In the data provided by the artificial satellite Solar Maximum Mission, data , 
concerning the intensity of the solar radiation [14], there were found minimum 
values, just when the sunspot total area on 'the solar disk was maximum It 
seems that the maximum decrease of the solar constant 'occurs just in the period 
of rapid apparition of a great number:of sunspots. Accoidmg to Pap [15], this 
change of the solar constant takes place along some days and can be connected 
with th e ’presence of stable sunspots covering wide areas The plasma which 
reaches the solar surface is acceleratedly propelled by the Alfvén waves towards 
to the corona. The close connection between the sunspot and the corona was’ 
proved by the space observations performed by means of Apollo Telescope 
Mount [16], according to which, shortly before the sunspot'apparition, one obser­
ves coronal luminous points above the ulterior active zone. The coronal pheno­
mena occur always in an active region of the solar surface [17] I t  is matter 
of a vertical space, of the form of a column, having at its base a sunspot group 
The local magnetic fipld connected with the sunspot group rises appreciably ' 
above the^photosphere, penetrating into the-K,corona At the extremity of the 
corona, in the region of the coronal hole, thé magnetic field is open , from here 
lapid flows of plasma go into the interplanetary space. A coronal hole lasts about 
six solar rotations, this stability being connected, in oui opinion, with the corre­
lational sunspots In August 1971 and July 1981 there was obseived the appari­
tion of coronal holes which crossed-CM [18, 19] In these intervals we observed 
correlational events m the low atmospheric layers (correlational events 19, 47 
and 48) A large sunspot group crossed CM on August 10, 1979 (sunspot "a”), 
while two large, active zones crossed CM in July 24, .1981 (sunspot "b”) and 

I July 28, 1981 (sunspot “c”), respectively In the case of the sunspot “a ”, the 
researchers from the Zagreb, Observatory observed the filament phenomenon , 
the sunspot “c” caused a second type solar flare, this last one being the .cause 
of radio disturbances and polar light. 1

According to Parker [20],\the plasma travels with a speed of 500 —800 km/s, 
under the !form of the solar wind, and reaches the Earth’s magnetosphere after 
2 —3 days. When the plasma reaches the Earth, it is still consistent enough 
to increase the temperature of the different ionospheric layers above the North 
Pole. One knows from data provided by meteorological rockets that a UV radia­
tion is produced, which reaches the stratosphere and is absorbed by this one. 
During-this absorption, a heating of the stratosphere takes place. In the solar 
effe'et mechanism, the intermediary part is now played by the warm air resul­
ted from the heating due to the plasma;! According to Palmén [21], the vertical
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flow of air from the warm stratospheric zones reaches the troposphere through 
the tropopause funnel. The hot air which reaches the inferior atmosphenc layers . 
cools, sensibly and, under the form of a descending jet, exerts a pressure “on 
the cold air masses of the polar region. The air jet which reaches the polai zone 
causes a strong turbulence. Pettersen et al. [22] showed that the cold air, mas-1 
ses from the polar region, reach low latitude zones only thrpugh a strong cyclo­
nic circulation Since the equilibrium/even m the case of small atmosphere 1 
perturbations-, is concretized into undulatory motions, the air travels Southward 
under the form of a cold atmospheric front. During this travel, the air ( depres­
sion becomes more and more deep and turns into cyclone
, In order to illustrate the phenomena, let us examine the development of 1 y 
rhe event 53 An E-type sunspot group appeared-at —8 ° heliographic latitude 
on October 12, 1981 and became of E-type the next day The penumbra of 
the directional sunspots was ramified The length of the active zone reached 
196 000 km On October 17 it contained 81 umbral zones On October 19, CM 
was, reafched Till October 20, the greatest umbra of the sunspot group perfor­
med a 15° clockwise rotation, and 33° more till October 22 On October 24' 
it reáched the opposite side of the Sun This umbra kept a,bout the same form
during its visibility This was the second rotation of the actiye zone, the first
one being performed on September. 22 According ,to our ground obseiyations, 
on October 20 the Cirrus fibratus clouds mark the arrival of a cyclone' with 
outstanding cold front Cirrocumùlus lenticularis clouds were also formed 'The 
cloudy system of the cyclone reached Salontâ on October 22, constituting simul- : 
taneously thé beginning of the correlational phenomenon, because m the same 
evening the precipitations started The precipitations írom the low altitude 
Nimbostratus clouds became, abundant'on"October 24. The, temperature maxi­
mum was +  18°C, as against + 2 2 °C on.October 22 On October *26 we mea­
sured — 1 °C (first frost). The meteorological situation is given m Fig 3

According to our observations, the cyclone which followed the correlational 
event consists of a cloudy system covering a zone of about 4000 km and tra ­
velling rapidly due to the temperature differences between the North-West 
(cold air) arid South-East (warm air) extremities According to Zverev [23], 
the travelling of the cyclone is influenced by the'cold wind normal To the 
front We observed that the correlational cyclone travels' generally along the 
Van Bebber trajectory of the.third kind .This cyclone was featured by a strong 
cold wind accompanied,by a pronounced decrease of the air temperature, inde­
pendently on season. The Rossby planetary -wave ring which suirounds the 
pole and has a length of 5000—10 000 km is able to change, according to our 
observations, the form of the frontal surface at extremities • the air flow which 
travels West-East along the, latitude circles can change its direction m a‘ rela­
tively short interval, due to the correlational, cyclone, into a meridional air flow. 
During the maximum solar activity of 1979, the summer semester, we could ’ 
often record cumulative clouds resulted from oceanic and arctic fronts :(Cumulus 
and Cumulonimbus) 1 —2 years' after -t,he maximum solar activity, there were 
inundations in Central Europe as. a consequence of kbundant precipitations, 
(summer 1970, 1980 and 1981) The intensity of the correlational cyclone depends 
on’the atmospheric situation in a certain site :1 ■ 1 * I -

I
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SUNSPOTS 16,1011981. METEOROLOGICAL SITUATION 20.101981.

ШШ1ТШ1 -  COLD FRONT 
шшЛ -  COLD AIR STREAM 

^  ■ DIRECTION
#  -  RAINFALL

SUNSPOT No. 670. p 75 [24.] DURING THE SUNR0TATÍ0N5 T703-1715 
19.10 1981. SUNSPOT IN THE CENTRAL MERIDIAN- 
22.101981 IT BEGINS TO RAIN ■»

P i g  3

a) if above ihe Atlantic Ocean theie is a' cyclone in the Iceland depression 
zone, the correlational çffect is evident (precipitations, winds, temperature 
decrease), ' ,
' b) if above the Atlantic Ocean there is an anticyclone, the conelational 
cyclone has the appearance of a cold and dry front (with reduced precipitations),

c) if along the latitude of 60° there is a senes of cyclones, the correlation 
is lllustiated by a "cut-off” cyclone

During a solar cycle, the number of» coirelational sunspots is small as against 
the total number of active zones. Between September 10, 1978 and January 7, 
1989, out of 658 cyclones which passed over Salonta about 80 were correlational.

The correlation between the solar activity and the terrestrial weather is 
apparent during short time intervals. The study of the sunspots and correla­
tional cyclones is not difficult', it can be systematically performed [24, 25] The 
study of synoptic maps has a particular importance From this point of view, 
we emphasize the essential results of N Topor [26] obtained on the basis of a 
close analysis of synoptic maps, establishing 7 different possible meteorological 
situations Out of these1, ones, the sixth situation is the most adequate for our 
correlational event; this one ensures the circulation of cold and humid polar 
air masses, transported by strong winds over the Western and Central Burope, 
hence over our country, too.
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Table 1

No /  DCM So (») MIC S GA No. B Source

1 24 Aug 1971 - - 1 3 F 1682 251 C
2 22 Oct 1971 7 F 1503 295 C
3 5 Aug 1972 13 G 1143 220 C
4' 6 J u l  1973 12 С — - 93 B
5 2 Ju l 1974 - 1 1 С — ‘ ‘ 90 B

■ 6 4 Ju l 1974 - 1 4 F — 92 B
7 15 Ju l 1974 - - 9 H — 96 , B
8 22 Ju l 1974 - 1 6 :d — 104 B
9 10 Sep 1978 ■ 31 , D 234 -1- t c

10 2 Dec 1978 - 1 8 E "403 . 425 c •
11 12 Dec 1978 > 20 E 729 — c
12 25 J a n  1979 - 3 F S _ — A
13 8 Feb 1979 - 1 0 D — — A
14 26, Mar 1979 18 . F — A
15 2 'A pr 1979 - 1 6 F 153 128 C
16 2 9 'A pr 1979 18' E 1012 168 C
17 2 May 1979 1 15 D 811 175 c
18' 1 3 ,Ju n  1979 ■ ‘ - 1 7 E 671 260 c
19 19 Aug 1979 - 2 4 E 760 407 c
20 28 Sep 1979 15 E 372 • — c
21 21 Oct 1979 15 F — — A
22 9 Nov 1979 ' - 1 4 F 463 603 C
23 6 Dec 1979 -14 E 401 — C
24 30 Dec 1979 - 1 4 E 118 — C
25 11- Ja n  1980 - 1 2 D 833, ' 18 C
26 ’ 5 Feb  1980 '- 1 6 F ,1014 54 C
27 11 Feb  1980 - 1 2 E 486 . 65 c
28 8 Mar 1980 - 1 0 E 336 94 c
29- 1 A pr 1980 ' 26 D , 461 126 c
30 24 A pr 1980 - 1 3  , E 1090 153 ’ c
31 6 May 1980 - 2 0 E 569 178 ' c 1
32 13 May 1980 \  , f - 1 6 D -, 539 197 c
33 3 Ju n  19Ô0 - 2 0 J 170 227 ' c
34 20 J u l 1980 ' - 2 5 ,  1 H 613 334 c
35 30 Sep 1980 - 1 7 D 81 486 c
36 14 Oct 1980 - 1 1 E 1056 514 „С
37 23 Oct 1980 - 1 8 E 1256 548 c
38 12 Nov 1980 - 1 1 F 2439 585 c
39 18 Dec 1980 6  ̂ E ' 597 4 c
40 7 J a n  1981 - 1 4 D 64 30 c
41 14 Ja n  1981 , ' чб D 92 45 c
42 3 Mar 1981 - 1 2 E 510 117 c
43 8 Mar 1981 - 4 E 590 125 -c
44 20 Mar 1981 9 C 296 . 156 c
45 15 A pr 1981 9 D 282 224 c
,46 {  J u l  1981 1 - 1 5 F 933 378 c
47 24 J u l 1981 - 8 H 1588 ,439 c
48 28 J u l  1981 4 -  13 F 1774 443’ c
49 18 Aug 1981 - 1 5 F 1074 492 c
50 2 Sep 1981 ' - 1 3 E 500 534 c 1
51 10 Sep 1981 10 F — 572 B
52 15 Oct 1981 - 1 8 F 1838 660 c
53 19 Oct 1981 - 1 1 F 1825 ,670 c

1

t. I -
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Table 1 (continued/

No DCM So(0) MIC 1 SGA No B /Souj ce

-54 ' 5 N ov 1981- - - 1 1 F 1463 710 C
55 1 Dec 1981 1/ - 9 E 623 766 C
56 1 Feb 1982 - 1 4 F 1005 38 C
57 ' 10 Feb 1982 ■ . - 1 0 F  - 1792 53 C
58, 18 Feb 1982 3 E 849 66 C-
59 - 2 Mar 1982 14 H ' 499 84 C
60 11 Mar 1982' 1 5 E 409 105 C'
61 17 Mar 1982 ■ — 5 E 1156 120 c
62 ■ 29 Mar 1982 и E 1236 134 fc
63 13 A pr 1982 12 J 244 173 c
64 26 Apr 1982 12 D 535 200 c  •
65 31 May 1982 Í - 3 E 400 265 c
66 9 Ju n  1982 — 9 E 908 . 281 c
67 12 Ju n  1982 - 1 8 E 606 287 c
68 20 J a n  1983 — 13 D 252 29 c
69 3 Feb 1983 - 1 7 H 879 43 c
70 9 May 1983 - 1 3 D 136 140 - c  ,
71 24 May 1983 17 D ' 433 153 c
72 5 Ju n  1983 - 9 F  ■ ‘ 1160 -, 169 c
73 ‘ 11 Ju n  1983 - 9 E ' 694 171 c l74 2 J u l 1983 - - 8 J 155 192 c 1
75 19 J u l 1983 ' 13 J 127 211 C 1
76 3 Aug 1983 - 9  . . F- 850 - 235 C
77- 14 Aug 1983 - 6 E ' 453 ’ 246 c
78 16 J a n  1984 , - 1 6 E 530 2 c
79 12 F e b ‘1984 - , - 1 3 D 587 14 c
80 11 Mar 1984 - 1 0 D , — 24 B
81 . 2 Apr 1984 - 1 5 E 429 55 C .
82 16 Apr 1984 8 E 616 68 c  ’
83 - 29 A pr 1984 - 1 2 F — 80 B
84 31 Aug 1984 - 7 D 446 175 c  >
85, 26 N ov 1984 1 - 1 2 E 452 207 , c
86 12 Dec 1984 1 - 1 2 D 188 214 c
87 29 Mar 1985 ) 6 - C " 205 , 13 c
88 1 26 Apr 1985, r 4 E 776 20 c
89 14 May 1985 - 1 2 , H 381 26 ' c
90 7 J u l 1985 - —15 D ' 596 56 c  .
91 22 Oct1 1985 4 C 320 78 c

‘ ' ) ' ' 
' R E F E R E N C E S

I , '
1 E  Ţ i f r  e a, A D u m i t  r  e s c u, G ' M a r i ş, „U niversul în  rad iaţia  X ” , E d  ştiinţifică şi 

enciclopedică, Bucureşti, 1987
2 N V P u s h k o v ,  Zemlya г vselennaya, No 4 (1974)
3' H  ' I s r a e l ,  „Atmosphärische E lek triz itä t” , I I  Band, Akadem ie—Verlag, Deipzig, 1961 
4 A. G r  I g o r  u i ,  S t Cetc Ceol Gcogt Geofiz , ser ‘ Geofizică, 9 (1) (1969), 49—54 
(5 В . Ţ 1 f  r  e а, I  D u m i t r e s c u ,  I  B u c ş a ,  Chirurgia, 21 (1972), No 11, 1001—1008 
6 J  P  D r u z h i n i n ,  B J  S a  z o n о V,' V N  Y a g o d i n s k i j ,  „Kosmos—Zemlya Prog- 

nozy” , Moskva, Mysl , 1974
7 'M  K ' o n c e k ,  „Meteorologické zpravy” , c G , , H M U  (1972) . .
8 J  M W i l c o x ,  Science, 192 (1976), No ,4241, 7 4 5 -7 4 8  -
9. S C i u l a c h e ,  „Meteorologie Manual p iac tic” , E d didactică şi pedagogică, Bucureşti, 1977
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orologice” , C S A , Bucureşti, 1968
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12 M W  a l d m e i e r ,  Vie Sonne, No 30
13 G K  u V e 1 e r, Vie Sonne, No 30 1
14 R C W i l l s o n ,  j  Geofhys Res , 87 (1982), 4319-4326
15 J . P o p  A sir on N achr 302 (1981), 13—16
16 * * * A strophys J  , 185;, L  47 

* * * „Sky and Tel ” , 1969
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21 B  P a l m é  n, C W  N e w t o n ,  "The Atmospheric Circulation System s”, Academic Press, 

New York, London, 1969
22 D B P e t t e r s s e n ,  e t a l ,  Geophysica-Norvegica, 1962 4
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EXOTIC STATISTICS ÍN THREE, FOUR AND HIGHER DIMENSIONS

E. VINŢELER*

Relieved April 3, WOO

ABSTRACT. — I  conjecture th a t the central extension' of th e  local algebra of ( 
observables Diff adm its аь m tegrability  stiuc tu re  the ^-simplex equation
and w ith this assumption I show th a t the statistics of ^-membranes is determ ined 
by the extended braid group

In this article we describe exotic statistics for "extended particles”-D-mem- 
branes Also for them we'Can define the notion of "locality”, but then in this 
“local” quantum field theory we have specific properties. If m two dimensions 
(algebra of observables is Diff(S1)) we have a liniar dependence between pro­
ducts of 2 fields space-like separated »

, - F 1F 2 =  R uF^F-l ' (1)
then m d dimensions (algebra of observables is Diff(Srf-1)) we will have a liniar 
dependence between products of d fields

F l-F 2 • F  rf =  Ri2 gFdF /\.i-F  j ; (2)
For relation (1) the consistence condition is Yang-Baxter equation for sta­

tistical matrix R [1] and for relation (2) is d-simplex equation [2] In this way 
we show that the algebra of observables Diff (S ^ 1) admits as mtegrability struc­
ture the if-simplex equation and the statistics of d-membranes is determined bjr 
the extended braid group [3]

In the local quantum field theory [4] the observables act as self adjoint 
operators on a Hilbert space of physical states H By definition, superselection 
sectors are orthogonal subspaces of H  such that the observables < map each 
sector into itself

A3 ' , (3)
The set of observables with property of locality

[A, B] =  0 if A e  A(I), B s  А(Г) ' (4)
where I  and Г  âre relatively spacelike, make up local algebras of observables 
A (I) In our case the ■ algebra of 1 observables is the central extension ol 
Diif(S<i_I) , m two dimensions is Vnasoro algebra [5] *

Besides observables we introduce fields which carry charges They make 
transitipns between different superselection sectois We make up algebra F ol

* University of Chij-Napoca, Department of Physu•>, 3100 ChiyNapoca, Romania
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EXOTIC STATISTICS IN THREE, FOUR AND HIGHER DIMENSIONS 6 5

all field operators adding to algebra of observables A the localized morphisms 
p of the algebra A.

The superselection sectors carry mequivalent irreducible positive energy 
'representations n3 of the algebra of observables A If vacuum sector H 0 carry 
representation it0 then morphism p3 A —►A will have the property

tu; ~ ti0 о p3 with (тг0 о p)(A) =  Tt0(p(A)), A e  A (5)

The morphism p is localized m domain I  "if .
р(Л) =  A, for A'<s А(Г) (6)

whenever I  and 'Г are localized relatively spacelike
The morphism p3 7t,—*- 7t0 can be defined by means of the unitary trans­

formation V3 H3-+ H 0

P,(4) =  V,A,V? (7)
The charged field F3 : H 0 -+ H3 implement the localized morphism p3 п3-+п0 :

A3F3 =  F,p3{A3) - (8)
where A3 is the observable which act on H3, or using (7) relation (8) became .

A3B3 =  B3A3 (8')
„ with B3: H3-+ H3, B3 = F3V3

The field algebra £free is generated by observables A e  A and by elements
F4Ft2 . . . F , n A, A ^ Ä  r  (9)

The free field algebra EFfree is not faithfully represented on Hilbert space H, 
and we have some additional conditions which restrict SFfree to the physical field 
algebra gFphys. These extra conditions are determined by the existence of lnter- 
twmers T. '

By definition, an intertwiner T  between morphisms p and a is an obser­
vable Т е  A such that

Tp{A) =  a(A)T, A e  A (10)
T  with property (10) spann the linear space Homm (p, a).

I t is easy to show that if T  e  Homm (p, a), S e  Homm (a, t) then S T  e  
e  Homm (p, t ) and T e  Homm ( р 0т ,  а о т ) ,  т (T) e  Homm (т  о p, т  о ст) s 

Let's find the intertwiner T12 such th a t .
F2Fi = T12F1F2 (11).

From (8) we have :
,  AFX =  F lPl(A), AF2 — F2p2(A)  ̂ • (12)

th en .
T.

AF3F2 =  FlPl(A)Fz =  T71T 2(p2 о p]J(zl) ' (13)

5 — Physica nr 1/1990
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and
BF,F,  ’=  F ,9,{B)F1 =  F ^ p ,  о p2) (В) (13')

From (10) we have '
•У1Р(Л) =  p1(A)T1, T2p(A) =  Pa(A)Tt (14)

v Through some, calculations we obtain :
p1(A)F1Fzp1(T2) m p 2( W )  =  F 1F 2Pl(T2) r i r 2P2( r r 1)Pl о p2 о Pl(A) (15) 

If in (15) we replace Pl(A) by В we see that (15) coincide with (13') if :

FíF2p1(T2)T íT?p2( T ? ) = F 2Fí (16)
hence'from (11).

■ T 12 = p1(T2)T 1T?p2(T?) (1.7)
The relation (11) is valid m two dimensions for the observable algebra 

Diff (S1). If instead of (11) we want to fulfill (2) knowing that A is a C*- 
algebra (we do not approach the case of von Neumann algebras related with 
subtle considerations about Haag duality [6]), we consider that the products 
of the form (17) do not take place in the observable algebra Д, In other wdrds 
this means that we restrict the two-dimensional physical field algebra F phys even 
more The restriction is analogously to that m the Sine-Gordon theory where 
are obtained new minimal conformal series at criticality [7]. In our case through, 
the restriction we obtain the conformal theories m higher dimensions 

Now we can write F3F2F1 m two different ways

F ^ F ,  = p ^ T ^ T ^ F ^ '  ' (18)
or : -

F 3F 2F 1 =  T 23p2(Tia)T 12F 1F 2F 3 (19)
where T tJ is the mtertwmer from Homm (pl о Pj, pi о P,) and we obtain the 
braid equation

j P a i - ^ w )  7 \ з Р 1 ( Т 2з ) =  7 ’2з р 2 ( 7 ' 1 з ) Т 12 ( 2 0 )

F01 Pl =  p2 =  Рз =  P (20) became

Р(Гр2)Г р2Р(Гр2) = 'Г р2Р(Гр2)Гр2 (21)
Another relation is [5]

T p2p (Гр2) =  Р*(Гр2)Го2 1 (21')

The braid gioup B„ acts on pn(A) through the application

s . - r , ,  =  p'-'(Tp2) ' - ' (22)

ivhere T p2 Homm (P2, P2)



1
Then thev defining relations for B„ are :

' iS, =  +  ̂ , 1 (23)

, s,Sj =  S;s ,,|i  — ^  2 23')
If we note by the observable algebra in d dimensions we, can obtaine 

A(,i+i) from A'{(i) eliminating the intertwmers Tt 1r..,d from H onm  (p,, op„
. . .  о ры, pp p2 . . .  о pd). On this way the intertwmers in will obey the 
й-simplex equation. For example in three dimensions F 3F2F 1 =  7 \23F 1F 2F 3 and 
as we have not the intertwiners T, /  instead the braid equation we will have 
the extended braid equation

If we want to generalize the relations between mtertwiners to higher dimen- 
- sions, instead of equations (18), (19) we will suppose that exists an intertwiner 

so that : x , 1

F iF 2F 3 =  TF3F1F2 = T2F2FaF1 ‘ (24)
The generalization is straigthforward :

F xF a . . .  F d+1 =  FFd+1F 1F 2 • • • Fd =  . . .  =  T  F 2F 3 F i+IF 1 (25)

The equation (24) gives us the defining relations for the extended braid group 
■Вз,(2) •

I S1S2 =  S2S3 =  S3S1 (26)
For B,l(2) we have n — 2 versions of equation (26) :

sWsM =  si'>sW =  sWtjW 1 sg i < n — 2

' and1:

sW =  s(jţ+1> 1 < i 4; n — 3 1 (27)

' ' ■ s(>) s№) =  si*) , г ф k (27')

I tc a n  be easily-seen that B„d2) coincides with B„
, i

From the equation (25) we have tlje defining relations for the extended' 
'braid group B d+Ud).

S 1S 2 • • Sd =  S 2S 3 • • S il+ 1  =  S 3S 4 • • S rf+ 1  S1 — • =  s<i+lsl • • • S2 (28)
Analogously to Bn ,2\ for B„ № we have n — d versions of (28), and the equations 
(27). ’ ’ - . • ‘ -

I t is known that the particles which satisfy an exotic statistics are respon­
sable for different interesting phenomena . the fractional quantum, Hall effect, 
the high temperature supercondctivity (anyons) and so on I think that the 
particles which satisfy the extended braid statistics may be responsable 
for confinement in the quantum chromodinamics.

EXOTIC STATISTICS IN THREE, FOUR AND ,HIGHER DIMENSIONS Q f
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SPECIFIC HEAT JUMP FOR 2D-HIGH Tc 
' SUPERCONDUCTORS

I. GROSU* and M. CRIŞAN*

-- • ' / .
Received • February 23, 1990 *

ABSTRACT. — The, tem perature dependence of th e  order param eter m  a tw o 
dimension superconductor has been calculated. The specific hea t jum p a t the 
critical tem peratu re  was evaluated and the result will he discussed in  connection 
w ith  th e  high—tem perature superconductivity

1. Introduction. One of the most important features of the hjgh-tempe- 
rature superconductivity (HTS) is the two dimensional (2D). character of the 
electronic states. For a square lattice-, in the tight-binding approximation the 
energy is . ^

, , e(p) =  —21 (cos ft„a +  cos ftya) (1)
where ,,a” is the lattice constant and "t” the transfer integral.

In the half-filled aproxnnation the density of states is :

' 1 N{z) m  - e) • K ° ^ 1 - (e/4i)2) ' : , &
where K 0(x) is the complete.elliptic integral of the first kind and d(x) is th  
step function. If we consider the maximum energy on the energy scale and
— < 0  the equation (2) can be approximated as [1 ] . - !
At\ , - I

N { e ) ~ C - l n  — ■ ' (3)
. h|

where D =  4t and C is a constant. - '\
The two dimensional behaviour of the 'HTS described by (3) has been 

analysed Ьз̂  Cnsan [2] and it was showed that m the weak coupling limit
the ratio '--is different from the BCS limit.

KDTC ' ' . ,
The critical tem peratuie'Tc in a 2D-HTS has been calculated by Crişan 

and Vacaru [3] using the Coherent Potential Approximation (CPA) and it 
was showed that Tc is sensitive to the dimensionality of the electronic system 
In this paper we will consider the influence of the energy-dependent density 
of states on. the specific heat jump. .

* University of yCluj-Napoca, Department of Physics, 3400 Cliy-Napoca, Romanic^
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In order to calculate' the specific heat jump we have to evaluate the 
temperature dependence of the order parameter Д(Г) near the critical tem­
perature.

2. The order parameter The equation for thé order parameter has the 
form .

•f Cùj

1 de . f A7(e) . tanh |V E ± Z m  )
2 J Ve2 + Д2(Л l 2KbT ) (4)

where V is the attractive interaction, u>D the Debye energy and T  is the tem­
perature •

Using the relation :
« V 1 w
tanh — =  4%

,7^0^+ r̂ 2n + b2, 
the equation (4) can be approximated by

o i J  г  ' 03 Г  '9 1 /  ,* °°
1 =  —  Г dz ■ Nie) У  — -------— idc ■ N  (s) y

ß J t i  s2 + <  P > ,Уо

1

Д2(Г)

ß
I ~CÙ,

,f̂ 0 (e2 + “?.)2

where : =  nKBT  (2n -)- 1) and ß = к вт
. \ '
The equation (6) is valid hear ■ Tc and will be rewritten as :

4-túr "bcùr
1 =  -  f de - tanh — -  — Cáe • Щ е ) У

2J « 2 ß j У  о
А «(Г)

(г2 + о>2)2
D ; 1 ~°>D

The equation for the critical temperature Tc :

1

has1 the form

= J-  f *  . C ln ^  . ta!nh —  
2 J S l«| 2

J L ~  А
VC \ D J

=  -1 Jand using (9) we get from (7) :

м г» т

(5)

(6 )

(7)

' ( 8)

(9)

(■xK BT cf
- 5 ( 3 ) - 5 ^ - / » — I (10Î
8 D \'



SPECIFIC HEAT JUMP FOR 2D—HIGH T SUPERCONDUCTORS 71

From this equation we calculate the order parameter a s .

Д2(Г) =  а2Г* (l -

where ■

А (4тсКв)2 Inf — --- ]- <2 KBTCJ

7?(3) 1 +ln
D 8 , “ hl(2n + 1) 

пКвТс j ' 7ç(3) „ t'o  (2n +  l)3 _

(П )

( 12)

With these results we can calculate tl^e specific heat jump near the criti­
cal temperature

• 3 The speeilic heat. In order to calculate the specific heat jump we will
use the general result [4]

4-(0n
Cs -  С д к  ( ж )  J *  *<■

eßc®
(l+eßcs)3

(13)
e=ßc-“n

This equation can be transformed using (3) as :

Cs — Су =  ifsßc • C l ^ —} { f — • tan h — +  tan h(— ) • l n [— (l (14) 
* l 3ß (J ж 2 1 2KBTC J U o J

ßc 0
and using for the gap the. equation (11) we get :

Cs -  C„ =  C«*rc { ( ^  tan h i  +  tan h ( ^ r )  • I»  )} (« )

e2'- eßE
The specific heat for the normal state is

Cn =  2Kb &[dz ■ Ms) ■3 (1 + efr)*
and using, for the density of states the equation (3) we g e t.

CN = 2СК%Ф • T ’
where •

(16)

(17)

- 0 = { ( M > . [ l „ ^  + , ] . ( 1- t a n h ^ j , + 2[ln-^ + 2 - i ] }  (18)

With these results we can calculate the specific heat ratio for T-+ Tc as

=  L  j  tan h — tan h i ———I • In ( — jl
CN 2Ф[Tc) X - 2 ' ( 2 K BT c )2Ф(ГС)

(19)
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where :

F(TC) =

. - 7ç(3)

Using полу the param eters

А  (4тг)г In Í — - — )
1 2K BT C I______________

Í Д  \  8 у  In (2n  +  1)

7ç(3) ' „=o ( 2 n +  l)3 .

(20)

Wi) »  600 К , D »  50 ; Tс «  30 К  ; ' рс“ д >  1
луе get :

cs -  °N „ 2 ’ . (21)
- - cs ,

4 Discussions. The dimensionality effects in the specific heat have1 been 
calculated in1 order to understand theVanomaly ,in the hightemperature 'super­
conductors. The ratio Дс/Сдг depends on the parameters I) and coD m agreement

9 Д  (
with the previous result [2] obtained for However, for realistic para-

i <b T c

meters "we get (see 21) small deviations from BCSi

. " R E F E R E N C E E S
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THE ASYMPTOTICAE BEHAVIOUR OF DISCRETE DYNAMICAE
SYSTEMS IN CHAOS

'  ZOLTÁN TOROCZKAI*

Received Fcbruaty 12, 1990 4 - 1 ^ 1

ABSTRACT. — Tins paper discusses the formation of the a ttrac to is of one- 
dimensional, discrete dynamical system s and their stab ility  properties using the 
m ost general w ay th a t  is possible and its  purpose is th e  description of the 
phase space structu re 's  formation during the evolution of dynamics To be able 
to  reach this purpose I  introduced a tim e dependent quan tity  (the natural 
procent), which lfed to  the discovering of new properties ceitain  chaotical donu- 

' nions as m term ittency  for example (see section 3 )
The described method — wfyeli can be called fluctuation-analysis — 

renders possible a new experim ental appi oximation in the m verstigatiou of 
chaos (see the last section)

- \ »
1. Introduction. The1 notion of natural measure is linked to a probabi­

lity property-of the attractors. According to this property to the different 
regions of the attractor belongs different “visiting” frequencies along the tra ­
jectory, or otherwise they have different probabilities This property is mainly 
used m the definition, of the natural measure dimensions which is a part of the 
attractors’ characteristical dimensions. (1; 2) (the1 generalized Rényi dimensions 
for example) Following ref. [T], the natural measure" is that probability 
measure (defined on the attractor) which is defined in the followings : let us 
take a limited volume C (cube) from the phase space and an x0 point from the 
basin of-attraction of the attractor. The natural measure which belongs to the 
cube C referring to the .trajectory winch was started from, x0, is :

|x {x0, C) — Km \>.t{x0, Ç) ' > (1)
! *->CO

where \it(x0, C) is the time fraction1- spent in the volume 'C by the trajectory. 
The natural measure gives the relative probability of  different regions of the 
attractor as obtained from time averages. '

1.1. The notion of natural procent Being confined to case of one-dimensio­
nal, discrete maps, let’s transcribe (1) using other notations. Eet us consider the 
attractor in the [0, 1] interval (the maps which are in the class of MSS3 func­
tions have this property). Now divide the interval [0, 1 ] into N  intervals Which 
have equal length (s,=  1 jN). _The ith interval (which1 coresponds to the cube C)' 
is . [ie, i(e +  1)] where i =  0, 1, 2, . . . N. ,

University of Clnj-Napoca, Department of Physics, 3400 Cluj-Napoca, Romania
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We define — along a trajectory — a quantity called natural procent 
referring to the ith interval as :

^ , К Д )  =  ^  (2)
I

where x0 is the initial point of trajectory, and t,{x0, K) 1S the number of lte- 
ratons which are exactly in the г111 interval from the whole К  number of 
iterations.в

Of .course ' p,{x0, К ) < 1 for any x 0 s  [0, 1], K  e  N  and г e  {0, 1, . N}.
We can notice that

щ { х 0) = H m p , ( x 0, K) ' (3)
k-* 00 -

is the natuial measure of the dh interval with the assumption that the above 
limit exists Further on we are going to investigate the asymptotical behav­
iour of the (2) quantity.

2. The asymptotical stability of the attractors.
— after T  iterations

l tv VU d(Ao>p,[x0, T) = -----—
I - T

— taking К  iterations but starting from xT this time '
■b [x  Г  4 -  К )  __ 4- К)  _ _  T)  +  t ţ {XT, К)
Ví  ~  T  +  К  ~  T +  к

so

P,(X0, Т + К) = ]̂ Р,{Х0> T) +  ^ p , { X T,K ) ^ \ \  +  - ^ p  (4)

let’s introduce ' ,
ft{x0i T, К ) =  p,(x0, T  +  K) — pt(x0, T ) (5)

quantity with fluctuation character, which will cliaiacteiize the asymptotical be­
haviour of the natural procent (Г >  1).

— using (4) •

' /.(*a- T, K) = [pfxr, -K) -  p t(x0, T)] (6)

In practice thq limit in (3) can’t  be calculated using an analytical method, so 
the investigation of the probability distribution on the attractor will use' the 

, asymptotical values of the natural procents.
Let’s fix the value of К  (optionally), and let’s increase T  unlimitedly.
Now using (4) we get the following imporţant expression • ’ '

lim /,(*„, T, К ) =  lim ( p f x T>K  ) -  p t{x0, T) — M  -  0 (7)
Г-»со Г->со I К  +  T  )
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Determining the natural piocents for every № interval near Г > 1, then 
' representing all these, we get the figure of the probability distribution (see 
fig 1 d) '
But a question exists how much differs the distribution figuie m the case 
when we iterate with a given T  -f- К  > 1 value from the one m case we ite­
rate until T  1? The (7) equality gives the answer • (the difference between the, 
two curves can be considered a very little value, if T  is 'high enough, due to the 
fact that К  is fixed and the factor Kj{K v-j- T) decreases unlimitedly with the 
increasing of T  So we can enunciate :
THEO REM  l. The probability measure which is formatted, on the attractor (natural 
measure) is asymptotically stable taking into consideration the limited numbered 
iterations, so fwith the assumption that (3) exits):

f ,[x0, oo, К) =  0 for any x0 e  [0, T], K  s  N  ând t e { 0 ,  . . ,N )
If we want to detect the changes of the procent p t along,' a trajectory, then the 
time interval of the experiment (or iteration number) must have a same scale 
(order) than the one of the distribution which had formated until that moment 
The detect of fluctuation goes using (6) If К  ~ T, then the factor above 
doesn’t  have any importance at all ,and / ,  is measurable Further on we take 

' the T = К  case m the calculations just as m the measurementsУ
2 1 Scaling properties In this section I ’m going to present another aspect 

of the asimptotical stability m the respect of the tifne intervals’ largeness (K) 
Det’s take the following measurement series, in which the measured quantity 
is the pi(x, К ) natural procent in the i tb- interval and the time interval is К  :

let

P t{X a .K ) Р г{хк, К )  p i ( x { n - \ ) k K )
----- > ------ > ----- > ---- —> -------> ..

*0 %k x nk

' <  A(*o, K) >  m = - Y f  M*»k, Щ (8)
n ÍTo

Let’s assume that we have made n measurements We can write m this 
case .

<  p (X0 К ) >  (») =  d  ■ K) + • • • + ht Цп- 1)Æ, K)
n к  j

then
pt(x0, K ) > w = p ( x ^ n K )

To the whole trajectory (n =  oo)

lt(x0, nli) 
их

< Р Ах о, К) > “ =  lim -  PAXhh. К) F= lim < рАх0Л )  >  w
' ' » - > С О  11 ]ţ —  Q I I  ->CO

tak ing into consideration (9) and (3) it follows •
p s{x0, K) > c0 — Tt(xo)

(9)

(10)



F i g  1 'Probability distribution on the a ttrac to r of th e  logistical m ap a t  r =  3,6 for different ite ra tion  num bers а) К  =  103,
Ы K '=  5 103, с) К  =  30 • 103, d) К  =  200 1 03, (N  =  300) -
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so this is independent of. K, — of the, time—and it’s just the natural measure 
of the г1,1 interval. i
Uet’s develop the variance • ' -

'-о,ег(*0!к) = i  g  т * ,ь к ) -  <м*о, к)>ы? ' ( i i )
п 1= 0 /

using (8) and a suitable index exchange • -1

where

а ^ \ х 0,К)  =  - з g  ЬУ ( кК) ъ  Д‘ч(А1,Аз)о (12)
”  /ii,Ä j,*3 =  0

Ai4 (Ai, Ая)0 =  A(*M Ä) -  А(%„гь ä ) , Г, ,(13)
The (13) quantities can be takenfor the elements of a matrix (ид;« type), be t’s 
call this the fluctuation-matrix and let’s mark it -with f,{p0, K)„.

f t{x0, k ) n =

0 - p,(x0, K) — p,{xui K)
p ',{xk\ K) — p i { x K )  ' . 0

l

) /
If we make “oo” measurements on the trajectory, then / ,  is a matrix with
infinite rows'and columns.Using (12) ,\ ' ‘ v

, °\n)‘ (x0, K) = -  ±  g {7.(*o, *)»}*,.»,
j П Л3=0

where Q\{x0, К)п} marks the h2h3 element of the K)n symmetrical matrix
Tet’s introduce the Si linear functional defined on the linear space of 

the n X n symmetrical matrixes, with the next- relation г
_ n—1 ‘ =  _!_____

«SI(A) =  ^  atp where A = l[at}] , i, j  =  0, n — 1
1

1 / ‘ 1 !Using these marks the variance will be

- aW(x0,K)  = - ± & . ( f t (x0,K )n) ■' (14)
tt81 # / 

on the whole trajectory

(x0, K) '== lim Г— Ä(/?(«0, üfÜ
»->oo L n J

* * *

(15)
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Now let’s choose a new T  = mK,m  > 1, m e  Ar, “time-unite” on the discrete 
time-scale. Let’s calculate the above quantities and express them with the 
corresponding quantities which are concerning the K th ' measurements. I t ’s 
valid . .

7 g : Z TOROCZKAI

1 I «1—1
P,{x0, T) = p t{xQ, mK) = — p,{ ■ k , K ) .

m Po ,
(16)'

and ''
У u \

1 «1 — 1 ' 
РАхит, T) =  — Yi £ K)

. m 1=0
(16')

if we have made n measurements
1 i\m — 1

<  p,{x0, Г )> м  = ----  ,V p,{xa, Щ =  <p,(xo,
nm iZ о

(17)

namely, the same average. From (9)
<  p,(x0,T ) < M =  p,{x0,nT) = p,{x0nmk) (18)

Let’s study the variance •

o[»r(x0, T) =  -  % № x jT, К ) . =  < p t{x0l T) > w
n Д  ■

Since .the n measurements with T  time-unit contains mn measurements with 
К  unit : ,

f  ,

1 И Ш — 1 «
о. T) =  — V p)(xhk, К) — <  p,{x0, /С)>(»>»)“

о
rom (16)' (16'), (17), (18) result-

, ' a<">=(*0) T) =  a w  (x0, Я) -  ^  £  e{r y(xjT> K) (19)

expression which gives the searched relation between the variances measured 
with different time-units The second expression on the right of the (19) is exactly 
the average’ of the m variance1 started from the different x]T points (j  = 
=  0, n — 1 with К  time-unit. On the whole tra je c to ry

4 n-i
c;(x0, T) =  af(*0, K) -  hm -  Ь  K) '(20)

, ' 1 »-*00 И frf)
approximating the average m (19) with the first element •

aW(*„, ТУ s  ЯГИ** К) -  ^ Ц х о ,  К) (21)
and taking this to^the whole trajectory’

a-,(x0,T)-^  a](x0, K) -  a ^ \ x 0,K) (22)
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We can observe from (19) that aj^’(x0, T) <  c f n)'{x0, K) which means that the 
variances (the “width” of the fluctuations) decreases while increasing the time- 
unit Since lim a ^ ‘(x0, K) = g2,{x 0, K), so if от—*- oo then a\{x0,T)-*- 0 which is

» « -» C O

exactly another expression of the asymptotical stability. We can enunciate .
Theorem, increasing the time-unit of measurements, the width. of the natural 

procents’ fluctuations is decreasing and
lim аг,{х0, T) =  0 (23)

“ '  T-* со

Observations ■ 1) using the formalism initiated in the (12) —(15) expressi­
ons we can observe that the matrix-language can be able to describe |the natural 
procents’ fluctuations. If we put the (14) compact expression of the variances 
into (19) :

Í - 7 / .W  T)’> -  K U  +  - £  ~ f h ]T, K ) J  =  0

and also into the (21)

T)a -  4 - M x o, &)•* +  - f h o ,  K l

we obtain the above equalities. This formalism will be investigated m the 
nearest future ;

2) we can associate the following physical meaning to the asymptotical 
stability wlpch was expressed m the 1 and 2 theorems : the formation of 
the structure of the phase space is going on as the system .was linked to a 
termostat which is characterized by the equations of dynamics' and by the 
attractor in geometrical sense I t ’s due to the fact that the dynamics is given 
with determimstical equations ,

3) we were confined only to the one-dimensional discrete systems and 
to the existence of (3) but the above study can be generalized to w-dimen- 
sional dynamicswith the same valid theorems ,

4) it(s not necessary to chose a T  = mK. Tor any T  >  К  exist m and q 
so that T = mK  +  q, q <  К  The calculated quantities are differing only m an 
negligible term from the former ones and the 2lld theorem is also valid.

3 The fluctuational-unalysis as an experimental method. This section pre­
sents a numerical appliçation' on the wellknown logistical map. The measure­
ments were made with N  =  300 using a fixed division of the [0, 1 ] interval 
(e =  3 34 • 103).
On the I. a—d figures the probability distribution on the attractor is represen­
ted for different iteration-numbers and with the-same x0=  0.3 starting point 
using a fasten controllparameter value r =  3 6 We can observe that the diffe­
rence between the I a and I b figures is much more accentuated than between I. c 
and I d figures m spite of the fact the difference, between the proper iteration 
numbers is 4 103 m the former cases, and m the last ones this value is 170 103, 
so much more bigger This fact is equal to the statement ofthe 1st theorem To 
be able to detect a measurable difference from the distribution which is answe-

I
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F i g  2 1 The na tu ra l procent's fluctuation diagram  рг{хпк , K ) v  s 
n  for К  =  30 103, corresponding to  the  cell w hich contains the
S x supertrack for different control param eter value(r) in  the 
m term ittency  zone a) ? =  3 82700, M  =  5 46% Ъ) r =  3 82770, 
M  — 8 29% - c) r  =  3 82825, M  =  =  15 05%' where M  =  < p  
(x0, K )< (« ) '=  p i(x Q, iiK) Fór each diagram  w asJ m ade ш  to ta l 

n K  =  7500 103 iterations.

\ \



f
ring to the I d. figure, the length of the trajectory which founds the new distri­
bution must be at least doubled : 2К  =  400 • 103. ' But according to the 2nd 
theorem this difference will be also much smaller than in the case of the first 
pair of figures and is decreasing while increasing the K. LetV  perform now the 
measurements presented in the 2nd section: fi,(x0, K), p t(xK, K), . .  , р,(х,а(. К), 
. . . .  If we represent p,[x„K, K )  vs. n we get the II. a—c fluctuation figuies. I 
investigated those intervals (C cubes) that contain the singularities of the pro­
bability density function of the map, i e. those that contain the supertracks 
(3, 4, 5). The numerical analyse was made on the supertrack Sx because this 
was the most accentuated but the behaviour of the natural ' procent which 
belongs to the other supertracks was calitatively the same as in the case of the Si. 
I  investigated the dominions of tha t control parameters which are quite be-' 
fore the periodical windows m the intermittency zones.
In the periodical windows the fluctuations certainlyrion’t  exist but they appe­
ar in the intermittency zones and they become more accentuated while de­
creasing the control parameter.
The investigation of the fluctuations result in the following qualitative sce­
nario :

ГНЕ ASYMPTOTICAL BEHAVIOUR OF DISCRETE DYNAMICAL SYSTEMS . . .  g  J

chaos "en tire” in term ittency periodical window
dominion chaos

the fluctuations bf the chaotical quasiperiodical and no
natu ral proc. fluctuations periodical flue. fluctuations

Observations. 1) the fluctuation figures were made using К  — 30 000, be­
cause in this case the natural procents approximate the natural measure faith­
ful enough, with 1%. Increasing N, certainly К  also has to be increased;

2) the method depends of an experimental parameter which is K, but we. 
are interested in such measurements which supply such informations which are 
caracteristical to chaos, so are independent to that experimental parameter. 
We can easily demonstrate that the periodicity of the fluctuations is exactly an 
information of this kind (using the (8), (9) equalities). If T  = mK  and if we 
assume that the signal is periodical and its period is P  (in К  units), the perio­
dicity will remain, but the new period (in T units) is i

p  ,
P'  = -------where [P, m) denotes the greatest common divisor of the number

(P, m)
P  and tn.
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ABSTRACT. — A geometric in terpre tation  of tim e inversion transform ation and 
K ram ers’ theorem for the case of stationary  energy-states based on a theoretical 
and group-like approach is given I t  is shown.tth a t a traditionally, performed 
expansion of point sym m etry group to  m agnetic-sym m etry group is true  only 
for systems w ith  integral to ta l angular mom entum J .  W ith  semi-integral /  
such expansion should be done by means of 4-fold cyclic group {A, A2, ,AS, 
A1 =  e) (A — tim e inversion operator) th a t gives rise to  four groups of mag­
netic sym m etry (instead of 58 for integral J )  which are isomorphic no t to  
Shubnikov’s b u t to  Belov’s lower groups of four-colour-symmetry.

Quantum-physics systems simultaneously having sym m etry w ith  respect to 
both the tim e inversion and the tim e translation are considered I t  is demon­
stra ted  th a t K ram ers’ degeneracy of quasi-energy states is present (absent) at 
semi-integral (integral) value of J  An additional=(compared w ith  K ram ers’ one) 
degeneracy of .quasi-energy states is found for th e  cases which tim e inversion 
operators does no t com m utate w ith tim e translations operators ,

Introdifbtion. Time inversion symmetry for stationary states of quan­
tum-physics systems gives rise to the presence of magnetic symmetric groups in 
addition to Kramers degeneracy 58 point groups of magnetic symmetry £1, 2>], 
which are known to be isomorphic to Shubnikov.s groups of antisymmetry, are 
referred to systems with integral total angular 'momentum J  [3] only.

At semi-integral J  totally 4 point groups of magnetic symmetriy are pos­
sible which are isomorphic to Belov’s lower groups of four-colour symmetry [3] 
but not to Shubmkov’s ones

Time inversion symmetry by itself for non-stationary states does not lay 
additional restrictions on quasi-energy states compared with the case of sta­
tionary states However, a simultaneous account of time inversion symmetry 
and time translation symmetry causes additional restrictions on quasi-energy 
states, compared 'with the case of stationary states. However, a simultaneous 
account of time inversion symmetry and time translation symmetry causes 
additional restrictions on-quasi-energy states, since each individual operator 
of both the time inversion and the time translation does commutate with “Hamil-
toman” ' He— H(t) — iTi—-and does not commutate with each other for the

dt
common' case

The present paper demonstrates that depending on the commutating pro­
perties ol time inversion and translation ■ operators at any-entire number of 
periods, the quasi-eneigy states of a quantum system can be either non degene­

Moldavian Stale University, Physics Department, 177003 Kishinev, Moldova
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rated (when these operators commutate with each other) or 2-fold degenerated 
(when operators specified do not commutate with each other). ■

2. Time inversion symmetry for stationary states.
The Hamiltonian of IV-partial quantum physics system commutates with the 
Wigner time-inversion operator in the absence of magnetic field

K = s h ° y n - K 0, ' (l)
»1=1

where ayn is the Pauli imaginary matrix that is relevant to « —particle with 
spin 1/2; — the complex conjugation operator [4].

- When adding the elementary angular momenta to form up systems with 
angular momenta J y (which in its turn form up a system with integral angular 
momentum J) the operator can be represented as [5]

к  = П  U4R o =  'UYX o.
Y” 1

where Uy represents the'unitary parts of operator К  in (2J y +  1) — dimen- 
tional spaces of angular moment'a. Matrices of unitary operators Uy are consi­
dered to be antisymmetrical with mátrix elements on secondary 'diagonal, 
being equal! to + 1  and —1 in turn and with other matrix elements eq îal to О 
Matrix Uy is symmetrical with respect touts reflection in the center of secondary 
diagonal at integral and it is antisymmetrical at semi-integral value of J  ,

Transformation" of -time inversion for N —partial system with angulai 
momentum-/ has ţhe following geometrical meaning The state with angular mo­
mentum /  in a functional (2J  -f- 1) dimensional discrete space coi responds to 
the point that makes an'antirotation about an axis passing through the origin 
of coordinates under the effect of time inversion transformation When J  is 
sc-mi-integral this antirotation is carried out through an angle of nj2 and the 
system returns to the initial state of wave function with initial phase after four 
consecutive antirotations of suph kind in one direction. When J  is integral, i the 
system passes into the initial state after two. antirotations through «-angle 1 
In this case the second antirotation is reverse to the first one. The transforma­
tions described are geometrically represented m Fig. 1 for instances when К  
is equal to 1/2, 1 and 3/2. The antisimilarity operation is consistent with the 
transition to a complex-conjugation wave function.

The varying geometrical behaviour of systems with integral and semi- 
mtegral J  at time inversion is related to the above-mentioned property of unitary 
operator U. In order to be assured of it, it is necessary to plot a (2 / +  1) — 
dimensional unit cube inscribed into (2/ -f- 1) — dimensional umt sphere with . 
its center m the origin of'coordinates. Initially, this cube should take a position 
such the coordinate axis pass through the middles of 2J —dimensional planes. 
Then it is required to turn the cube so that the top’s position selected on the



/

sphere is. defined by (2J  -\- 1) values of functions playing the role of, coeffi­
cients m the expansion of N —partial wave, function

x2, . . , Тдг) with respect to the base sp in o rs '^ ) ;

• • •> Tv) =  22  ^ ( ^ ’ 2̂. •• ' (37)
l О = - /  " ’ -

which satisfie normalization conditions :

, 22  i T2. • • •. ív) I2 dTj d í2 . . . div • (4)

It is obvious that time inversion operation involves antirotation of „state vec­
to r” directed along one of principal diagonals ot (2/ +  1)-dimensional cube 
with transition on the other principal diagonal (Fig. 1).

A point-behaviour analysis which describes“ the state of a system under 
consecutive, transformations of time , inversion made on,it, has allowed to 
clarify a geometric meaning of Aramers’ theorem’on additional degeneracy of

TIME INVERSION SYMMETRY AND QUASI-ENERGY DEGENERACY g g
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energy levels attributed-by time inversion symmetry. I t  consists in the existence 
of a sole - pair of mutually , orthogonal diagonals (with accuracy of up to move­
ment group) m the (2J  -)- 1)-dimensional Euclidean cube when J  is semi-integ­
ral and m-the'absence of such a pair, when J  is integral [3].

Abelian group of symmetry 2' =  {К , А2 = c) is used to expand classical 
crystallographic groups of magnetic symmetry'[l, 2] However, due to peculiari­
ties in the structure of operations U-( such expansion, as it was said, is fea­
sible for systems with integral total angular momentum only. None of the 
58 black-and-white groups of magnetic symmetry can be used to investigate a 
magnetic structure of systems with semi-integral total angular momentum. In 
the case of systems with semi-integral J  the expansion of classical groups up 
to the group of magnetic symmetry should be carried out by means of a cyclic 
4-fold group U' =  {А, К 2, K 3, A4 =  ej [3]. When J  is semi-integral operators 
K4 shall meet the requirements as follows

К 2 =  . - A 4 == - e ,  A3 =  - A

Due to a higher symmetry of group 4' in comparison with group 2' the number 
of magnetic symmetry groups with semi-integral J  is considerably less than 
that with in teg ra l/ The Ref. [6] reports about groups of generalized symmetry 
on the basis of expansion of 32 cryst'alie classes with the help of these very 
crystahc classes. Using the results of this woik one can find out that there 
are only 4 lower groups of magnetic, symmetry when J  is semi-mtegral (ins­
tead of 58 groups with integral J). These are Belov’s point groups of four- 
colour symmetry 4<4’z), 4(4’z), 4(4’z'/wb1J and 4/<4'4(2)w [3] where a small line 
on the top indicates a mirror rotation and a dash means' an antirotation

Along with antirotations forming' up the group 4’ one can take into account 
the other elements of generalized symmetry of the square with two similarly 
coloured, diagonally opposite tops This square is placed in the plane perpendi­
cular to the antirotation axis (reflections даМ in diagonals and antireflections 

\ m(p m straight lines passing'through centres of opposite sides, г =  1,2) Expan­
sion of classical point groups of symmetry up to groups of magnetic symmetry 
is possible then by means of group 4'm'm In the latter, the transformation of 
time inversion can be represented as a product of reflection type mxy by relevant 
antireflection, type mxy. >

А ='m'(*hn(t’> =  .—«tWffl'W =  —да'ЫдаМ =  .
X X  x y  X X x y  x y  X *

да'(»Ьи(») -I- даМяг'М =  даМда'Ы -P w '(í )}»(•) =  4-г)з
X f x y  - *- xy X x y  X X ‘l y  - 1-  1

(5)

where т)+ =  0, vj_ =  2A , г, j  =  1, 2 (i Ф ])■ Only groups |422, 4mm and , 42m out 
of entire 32 point groups admit expansion by means of group 4'm'm. In this 
very generalized case there are also 4’point lower groups of generalized symmetry

i.e. groups of four-colour symmetry 4
)  ’ z )  _ _ j  l { 4z) n { mx)  о  ( ’ "xy)

{ 0  9K ) 9 Ы )  A{ <) m i <).m(”■«) *'•) 2 (“*).

m and 4̂ [3].

\



3. Time inversion symmetry for non-stationary states

TIME INVERSION SYMMETRY AND QUASI-ENERGY DEGENERACY

Non-stationary states of particles (quasi-particles) m an external periodic field 
of high -intensity are described conveniently by means of the notion of quasi­
energy [7,8]. Feasibility of such a description is attributed by the fact that 
the Hamiltonian of the system in the presence of a time-periodic field with 
frequency ш has the property of time periodicity.

■ =  u ' (6)« 1 CÙ
The time-dependent Schrodinger equation can be solved as follows

к , I

г
Y k{x, t) =  S(x, t) в ' ’

S(x, t) =  S(x, t -f -  t ) .

where

(7)

(S)

Here, i  — is the system quasi-energy, x includes both the spatial and the 
spin coordinates ,A time-periodic wave function S(x, t) is quadratically integrable 
and is consistent with the Schrodinger equation

|н(ж, t) -  Ш ^-Js(*, t) = ES(x, t). (9)

Time translation operators T„n (m =  0, ±1, ±2, ..)  commutes with operator
d 1H(x, t) — iTi—■ and sdt up the Abelian group of unspecified symmetry repre­ss

sentation which can be characterized by means of quasi-energy values ® (t  is 
fixed and given by an external source)

T mŞ¥s(x, t) Ts(x, t ) .
( 10)

In the general case, a countable set of wave functions belongs to the given 
value ■

Sim(%, t) — fi{i)e'mat , (11),
(l =  1, 2, . . ; m =  0, ^ 1 , ^ 2 , .).

The functions Stm {x, t) 'can be regarded as state vectors m generalized 
Hilbert space Si +  (functions f,{x) are defined m space 51, while exp {imoú)
is defined m space S  [9]). The operator — tit — m space & +  S' is Hermitian

, 1 St
3 1and therefore Hamiltonian % = H(t) — iTi — is Hermitian too m this space,

■ . -  - ' .  8 t '„

and due to  it each quasi-energy value is real while functions Si„,(x, t) belonging 
to different values of quasi-energy, are orthogonal.

/
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, If § and S(x, t) are a proper value (quasi-energy) and a proper function 
. o'f operator % correspondingly, then , - i

■ -• S' =  § -(- тТш, S'(x, i) =  S(x, t)eunai , (12)
are a proper value and a proper function of operator Ж for any integral m 
too. Ah entire wave function of the system is not changed in this case

~~Tm  ‘ —j&t ■ л 41
; S(x, t)e ' • == S'(x, t)e ,

As a consequence of (13), all solutions (12) are physically equivalent at any integral 
m. Existence of equivalent states of quasi-energy makes it possible to bring any, 
value of quasi-energy to the point m “a reduced zone of quasi-energy space” 
(similar to the first Bnlloum zone of one-dimensional periodic lattice).

I t is icarned out with the help of a real number, E  for which - -

E - -  Гш sí 6 ^  E + ~Гш '  ' ' (14)
2 2v I ,

/Zone selection, i e selection of E is arbitrary I^et us mak clear the how functions 
at tune inversion are' transformed The Equation (9) is not invariant under 
operator К  from (1) and (2) since [К, H] Ф 0 Nevertheless, one can define such, 
operator Kt under which operator Ж is invariant ,

l L /
Ï KrWKt = Ж. r ' - , (15)

For this purpose let us define operatoi I t by analogy with inversion ope­
rator in a cooidmate space

I,t = - t ,  Ц =  1. ‘ ' (16)
, Operatori 7, transforms function F(t), obviously dependent on time, into function

I lF ( t ) = F ( i r lt ) '= F ( I t )= : F{- t )  ’ ■ ' (17)

Since the states S;,„(x, t) ’=  f t(x) exp (гтЫ) and Uf* (x) 'exp (—гтЫ) belong to 
one and the same value of quasi-energy §, tlife operator of time inversion for 
systems with quasi-energy spectrum assumes' the following form with regard
of (13) , . ' , 1

K t = UK0I t. . . . .  (18)
The first reduced zone in a quasi-energy space has two special points Г 

(in the center) and A (oh its boundary). Eet us consider consequences attributed 
to time inversion symmetry with spin not taken into account 
A- Point Г The s ta r/Г consists of one point © = '0 . The point group C, {e,It}; 

x(Qp) =  2 (where Q0 is, a symmetry element converting § into — ®) is a
Q ,

symmetry group to which this point Г belongs too. This is the case (a) by Wig
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ner [4], i e. when an additional degeneracy caused by time inversion symmetry 
iá not present ̂  - '

B. -Point Л. &Л =  tcÄ/t differs from -—/л:#/7 b y '“the vectof of inverse lat­
tice” 2 7Г#/т

The group of Л — point symmetryds C ,, ^  æ(Ço) =  1, case (a).
Q 0

W ith'account of spin as in the case for stationary states, an additional 
degeneracy of quasi-energy levels is possible due to time inversion symmetry 
at U2 =  т—е and Щ =  — e With the presence of a ciystallin field it is required 
to define operator U m the space of basic functions of representations of crys­
tallographic point groups. An explicit view of this case is reported in [5].

ч '  V V

4L A simultaneous examination of time inversion and time translation 
transformations“

Hamiltonian H  is simultaucousl}'- invariant under both the time inversion and 
the time ' translation transfoi mations

[H,Ki] = [H ,T en] =  о ; (19)

Bet us consider a new group of transformations created by operators K tT.mx, 
This new expanded group of transformations is not an Abelian one, compared 
with the time transformation gioup, because

=  ’ (20)

and" therefore; m the general case (apart froml below considered exception), 
we have ’ <

[Ht, TmT] ф 0 (21)
The Hamiltonian of the system commutes with any two operators of 

transformations which do not commute with each other, the spectrum of pro­
per values of Hamiltonian falls apart into "multiplets of degenerated states” 
J10] Since operator K t is antiumtary, safety precautions are required when 
generalizing, thesë results ' for the case of inequation (2 1)

Bet us consider any proper function of Hamiltonian H  which is simulta­
neously considered to be a proper function of operator T mx with proper value

г ч i~ m&T ,he
H  |8 >  = S |S > ,

> |8 > ,
where the following notation is used for quasi-energy states

у
| § ' >  =  Y s (Æ, t) =fi{x) e x p — y . j i j

(2 1a)

(2 1b)

' (22)
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, ' HK,\ê> = S K t\&>,
T mJCt\i> = T m,IlUK0\ii> = l ,T _ imUK0\ê>

=  С7ВДГ_ЯК|8> =  UK0Ite 
from which it follows that

_—m&T iio
/; K>>

_ ---tfJÖT
T m.Kt Щ> = е  * K t\&>.

(21c)

(2 Id)

Thus;the spectrum of eigen values of SfC operator consists of degenerated state
, t

doublets that are eigen functions of operatoi T WT with eigen values e ^
Both these states pass from one to the other during time inversion Kt In this 
case, the commutator [Kt, T is defme4 by the 'following expression

[Kb T„n] = 2 ч зт (т ± т :)к 1. ■ ' (23)
V h 1

Particularly, for l — 1, the expression is as follows

• l®l!> — ?! Hl(̂ )>̂ )e
(24)'

The action of commutator (23) on the state !&!> (with regard to / г(x) function 
reality and Without regard to spin) produces the following expression

[ICt, Г „,-!&!> =  2г sin 'т- i  |ёх>- 
1 h 1 ' ' (25)

According to (25) at

—  = f , K  = 0, ±1 , ± 2 /  ., /, со lm (26)

operators Kt and 'Tm- commutate

- , [Kt, T„„1 =  0, ' (27)
i e , in this' case the quasi-energy state |§x>  is an eigen function of operation
[.K„ T m.] with an eigen value being equal to zero, that is consistent to the 
presence of1 “singlets” (instead of “doublets”) of quasi-energy.

On the basis of formulae (25) —(27) one can conclude th a t-a  quasi-energy 
specfrum m the non-degenerated energy spectrum consists of quasi-epergy singlets, 
if 'the ratio of quasi-energy g to quantum energy 7uo is a rational number. 
When this ratio appears as an irrational number, each quasi-energy level is 
doubly degenerated Since the power of a set of rational numbers is much less 
than that of irrational numbers, then it physically means that, a quasi-energy



TIME INVERSION SYMMETRY AND QUASI-ENERGY DEGENERACY 91

spectrum in the system’ with non-degenerated energy spectrum is composed of 
quasi-energy, doublets.

I t is worth noting that states (1 +  K t)<ptm(x, t) and t(l — K t)'<pim(x, t) with] 
integral total angular momentupi are simultaneously eigen functions of opera­
tors H  and K (, creating a real basis of eigen functions, whereas such real basis 
does not exist for systems with semi-integral total angular momentum because 
operator K t does not have any eigen functions in this case that gives rise to 
Kramers degeneracy of quasi-energy states.
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' TEMPERATURE DEPENDENCE ÓF 584 cn r1 ' DEPORARIZED RAMAN 
DINE WIDTH OF 2 FDUÖR-TORUENE ' '

t
T. ILIESCU* and V. SMAIIANDACHE**

Received April 17, 1990 * •<

ABSTRVCr. — The tem perature dependence of depolarized R am au line w idth 
for 584 cm-1 vibrational tiau .itious of 2 fluortoluene was studied The reonen- 
tational tim es and potential energy b a in e i weie determined

Different spectroscopic techniques (I R. depolarized Rayleigh, Ramaiij NMR) 
a.re used for the study of molecular dynamics m condensed phases [1]. The con­
tribution of rotational and vibiational relaxation can be separated on the one 
hand, by the analysis of isotropic and anisotropic Raman line at only lone tem­
perature [2]; and on .the, other jiand/ by studying the temperature dependence 
of Raman, depolarized line width [3]

The total half-width Г1̂  of depolarized Raman lines is divided m two 
parts of which one is\ independent of temperature-and is called the intrinsec 
width S0, determined by vibrational relaxation, and the other one Г(Г), is' 
temperature ■ dependent and expresses the contribution of the chaotic motion! 
of the molecules [4]

Thus s

; Г1/,= §0 +  Г(Г), Г(Г) =  —  (1)
, , I .

1 . . г ,where тг is the time of reoiientatiou given by Debye’s equation

-т,,=  4-ка31)1 (3KT) , t (2)
or Frenkel’s equation

, . t, =  т0ехр [Uú,l(KT)] (3)
a — is the effective1 íadius oL molecule, vj — the viscosity coefficient. К  — 
Boltzmann’s constant1, Т» — absolute temperature, t0 — period of oscillation 
of the molecule m the equilibrium' position, U0ji — adivation energy for the 
transition of the molecule tor the equilibrium position1 to another one

In the piesent papén we study the temperature, dependence of width for 
depolarized Raman line 5S4 cm-1 (A", p =  0,148) of 2 fluor-toluene'

The expei imental details were given m [5]

* Uttivcisily of Cluj \apcoa, Department of Physics, o f00 Cluj-Napoca, Romanţa
** Chcmistiy Institute, ЗЮ0 Cluj-Napota, Romania



1

TÎie spectral slit widtli was 0,35 cm“1, so the finite slit width effect on the 
expelimental data could be neglected 2 fluor-toluene from “Merck” was used 
after distillation ' ,* l ’Fig 1 shows th e ' exponenţial dependence of the width from temperature. \
Using the formulae (1) and (2) one obtains equation ,

Г1/2 =  S0 -b 37{Г/(4А%1)) - (4)
Fig 2 shows the linear dependence of Г1/2 vsA/tj The values of ■ viscosity 
coefficients were taken from Tandolt-Bornstein tables [6].
, Assuming 1/yj—*- 0 when the mobility of the molecules does no longer influ­
ence the line width, one can find .from this diagram the intrinsic width, S0 =

' =  2,25 cm-1 From the formula (1) we obtain rr(i =  7,5°C).=f 7,86 p.s., Tr(t =  - '
=  75 °C) =  3,72 p s For 2 fluor-toluene, which bellongs to point group Cs, is 
extremely difficult to 'Study reonentational motion abbut any specific axis of 
the molecule The intrinsic width obtained from isotropic Raman spectra of this ' 
line [7] show a little temperature dependence and was approximately 3 cm-1.
This difference m the intrinsic width is probably determined by vibrational 
dephasing which was neglected in the first 'method.

Using the formulae (1) and (3) one can obtain ţhe ' equation'

Г1/2=  S0 ~ — e x p (-U o  r/{KT)
7VCTq ’ '»=*

( 5 )
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From logarithmic plots of (Г1/2 — §0) 
versus 1/T, the values of the potential 
energy barrier of molecular reorientation 
in liquid, U0n are obtained These depen­
dences are shown in Fig 3 and the value 
of U0r was 2 1 Kcal/mol 
According to Frenkel [8] the temperature 
dependence of the viscosity is given by •

' 7) =  const exp (U'b/KT) (6)
from which the Ub value can be obtained 
This value (2 62 Kcal/mol) is, m the 
limit of the experimental errors, m a good 
agreement with the U0, value

The potential energy barrier U0, can be 
considered as a characteristic feature of 

0) the medium m which molecular motion ta ­
kes place Thus by using different solvents, 
the 2 fluor-toluene molecules can act as 

a “probe” of thermal motion of the solvent molecules
The Raman line Width measurements m various solvents and at different 

temperatures for 2 fluor-toluene using the correlation vibrational and rotational 
functions are presented m another paper [7]. 4

F I g 3 Logarithmic plots of (Г 1/2— 
vsl /Т.
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GROWTH CONDITIONS INFLUENCES ON THE COMPOSITION AND 
’ . < PROPERTIES -OF- HgCr2Se4 CRYSTALS
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"ABSTRACT. — The influence of th e  transport conditions on tliè chemical 
composition and physical properties >of the  HgCr2Se4 crystals growth hy che-, 
mical transport vapour has been analysed , ->

Introduction. The' magnetic semiconductor spinels ACr2X4 (where A=Cd, 
Hg, Cu, Zn, Fe, Co and X =S, Se, Те) 'have been studied intensively This 
interest has been caused by the coexistence of interconnected ferromagnetic 
^ordering and semicondtictor properties which induced a number of specific effects 
[L 2]. The nonstoichiometry possibility m a spinel structure leads to the evident 
dependence of the crystal properties from the.giowth condition [3—5]. On the 
other hand, the thermodynamical analysis demonstrates ,the real control of the 
vapour composition over growing crystal [6—8] But the lack of information 
about the 'crystal composition made th e 'uşe of this control difficult. -

In our work we studied the correlation between the transport" conditions, 
crystal composition and physical properties ’for HgCr2Se4 the one of the more 
interesting [9] magnetic semicondiictors.

Crystal growth and composition analysis. The polycrystalhne HgCr2Se4 has 
been synthesized by the solid state reactions from HgSe, Cr and Se (and doping 
material, if necessary) at 800 for 300 h [5] The crystal growth has been 
performed- in the closed quarts ampoule using- A1C13 as a transport gas source 
(see Tab. 1,-2).

The chemical' composition of the grown crystals has been analysed by the 
electron probe mycroanalysis (EPMA) method using the “Camebax” 10

Chemical composition. The results of composition analysis are presented 
in Table 1 and Table 2 For all undoped HgCr2Se4 crystals the cation-to-auion ' 
mole ratio is less than 0,75 expected for the stoichiometric substance (Table 1). 
The seien ions form a dense packed structure of the crystalline .lattice Subse­
quently their interstitial implantation (i.e. seien excess) turns out to be prac- 
ticâlly impossible [3, 11] while cation A vacancies formation seems to be quite 
possible. '

The cation- B-to-cation A mole ratio is less than 2 In  all cases that may 
be explained by the chromium vacancies (Cr ions have preference to the, В sites 
therefore HgCr2Se4 crystallizes 1 m the normal spinel structure). Nevertheless 
the use of the A1C13 leads to the crystal contamination by A1 (0,2 . .. 0,3 at %) 
which can substitute Cr m В sites decreasing Cr/A ratio

* Institute of Applied Physics, Academy of Science of the SSR  Moldova, 277028 Kishinev, USSR
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Tabel 1• *
f « 'll con dilions and clicmical composition of (lie undoped HflCi2Se4 crystals '

No
AICI,

content
(mg/cm3)

T s 
■ T O

Tg . Atomic ratios ’ «

TO Cr/Hg (H g+C i)/Se Se/Cr

1 2 7 655 635 . 1 83 0 72 2 16
2 3 1 , 650 - 600 1 96 0 69 2 17
3 4,6 700 670 1 91 0 69 2 20
'-t 5 0 700 ' 670 4 1 83 0 73 2 13
5 7 0 , 690 670 1 89 0 71 2 17
6 7 0 690 670 1 82 0 71 2 18
7 70 700 660 - 1 86 . 0 72 2 13
8 12  2 “ 660 615 ■ 1 96 0 72 2 09

ÍCotcs a) sy n th es is  w ith  H g  ex c ess ,
b) c ry s ta l H g  a n n e a lin g ,
c) rep ea ted  hom ogenized sy n thesis

For the understanding of the HgCr2Se4 vacancy nature we use the follo­
wing results The synthesis with Hg excess or the additional homogenization 
■ of HgCr2Se4 by, the îepeated synthesis leads, to the Hg content increase m a 
formula unit (Table 1) The diffusional annealing of grown crystals in Hg vapour 
has the analogous effect These facts demonstrate the existence of considerable 
quantity of the Hg vacancies in HgCr2Se4 (m contrast with CdCr2X4 crystals 
where the anion X vacancies are predominant [3,,11] Chromium distubution 
irr the crystals is more umform m comparison with the Hg or Se~ distribution , 
that demonstrates the relative stability of this (Cr) element in-such compound 

"The increase of the transport gas source value leads ,to the decrease of the 
Hg and Se contents in the HgCr2Se4 crystals I t is'possible that such'Hg con­
tent decrease is connected with the, ratio change between Hg, Cr, Se-content 
components m the vapour-gaseous phase at growth [8, 12] On the oiher hand 
we suggeèt that the above mentioned Se content reduction can be conditioned 
by Cl substitution of Se ions during the growth process [11] -This assumption 
may be confirmed by our experimental data showing simultaneous content chan- 

\ ges : the increase of A1 (i ,e. Cl) and the decrease of Se
The working temperatures have .less influence on the crystal composition 

because tempeiature dependence for vapour-gaseous phase composition is lower 
than that of transport gas concentratión [8] However it can be noted that the' 
tendency of Hg content increase takes place when the average trauspoit tem­
perature becomes greater (at relative stability of Cr, Se contents)

The impunty concentration in all doped HgCr2Se4 crystals is less than m 
the "initial polycrystáls (Table 2) . The evident tendency of cation A content 
increase and Se content decrease in. such > crystals cjjn be mentioned as-well 
This may be explained by assuming that the doping ions do not substitute A 
cations.'but occupy the vacant A- sites at crystal growth.
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Table 2

\ Chemical composition of the doped II(|Cr2 So,, crystals

i

' N °
Doping (at %) - Atomic ratios

Nom m aiчУ
fact Cr/A - (A +  Cr)/Se Se/Cr 1 

! .

1 Ga 2,0 0,44±0,12 1,93 0,76 2,0 1 ,
2 In  • 5,0 2,90±0,18 1,86 0,75 2,04
3 Ag 1,0 0,69±0,13 1,89 0,74 ' 2,07
4 Ag 2,0 0,89±0,08 ' 1,88 0,73, 2,09
5 Au 2,0 ■ 0,61 ± 0,09 1,85 0,73 " 2,10
6 Cu 3,0 2,93±0,36 1,81 0,74 2,09
7 Cu ■ * 5,0 3,36±0,29 1,81 0,72 2,15

— - _ -- - . . . . -
N o tes  sam ples 1, 3, 4, 5 grow n a t  T s =  650 660°C, =  620 630°C, =  4 m g /cm 3,

sam ples 2‘,  6. 7 grow n a t  T r =  710 720°C, T „ =  680 G90°C, - 4 m g/cm 3* - 6

Some physical properties. In this part should like to give á short survey 
ou the correlation between the above mentioned FPMA results and some typi­
cal properties of the HgCr2Se4 crystals.

To begin with, tlfe diffusional annealing in Hg vapour leads to the well 
known [2—4] metal like conductivity (m the ferromagnetic phase) - The con-' 
ductivity dependence on the Hg vapour pressure (Pflg) is stronger at small 
FHg values (Fig. 1)‘ Probably, such anueahng “heals” the Hg vacancies (accep­
tor action) but dpes not eliminate the Se vacancies (donor action) The satu­
ration effect is caused by the limitation of ,Hg vacancy healing process. - 

1 TheTeduction of the typical low temperature maxima of the ferromagnetic 
resonance hnewidth 2AH (m 100 direction) takes place when the doping con- 

dent increases (Fig 2a) , I t is well known that such maxima are formed by tetra­
valent chromium ions arising from Hg vacancies influence [13, 14]. Therefore 
the above mentioned effect demonstrates the filling of the Hg vacancies by 
the doping ions. ,

- The analogous FMR hnewidth 2ДН reduction" has been observed as a result 
of the decreasing of the transport gas concentration at growth (Fig 2b). This 
fact can be explained by the decrease of the Hg vacancies quantity.

F i g  1 Conductivity dependence (at 77 K) 
for annealing HgCr2Sej crystals from Hg 

vapoui pressure

b '

7 — Physica nr. 171990
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Ъ) grown with. ÁICI3 concentration equal to  2 7 (1) and 12 2 mg/cm3 
(2) respectively ,

The additional homogenized synthesis lesults in the HgCr2Se4 magnetiza­
tion increase (from 52,3 to 53,1 Gslcmhg-1 at 4,2 'K) due to the total spin 
moment rise [15, 16] caused by the Hg vacancies (i.e. Cr4+ 10ns) quantity de­
crease. However the Hg annealing reduces the HgCr2Se4 magnetization (from 
52,3 to '51,9 Gs.cm3 g“1 at 4,2 K) which is caused by the Hg/Se ratio increase 
due to the Hg vacancies “healing” and the Sè vacancies (i.e Cr2+ 10ns [15])1 
formation . , _

Conclusion. The presented results of the HgCr2Se4 studies confirm both 
the close correlation between growth conditions, chemical composition and.crystal 
properties, and the real possibility to control the characteristics of the growing 
crystals. ' _ '

I t  should be noted that the synthesis with Hg excess or the repeated 
homogeneous synthesis is useful for stoichiometric improvement

Our results have proved the necessity to use the growth condition change 
critically due to the possibility of the crystal composition degradation. ,
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ABSTRACT. — The influence of th e  m etallic electrode to  the Me,-In2S3/As2Se3-Al 
and Me-InP/As2Se3-Me heterostiuc tu res-on  th e  current-voltage characteristics > 
and photoconductivity ‘ spec tra l’ d istribution was investigated. I t  is show n,, 
th a t the polarity  of applied field changes the shape of the lux-am peie and 
photoconductivity characteristics also The in terest m  such structures has been 
increasing because of th e  search for new photosensitive cells w ith  an enlarged 
region of spectral photosensitivity for diffeient applications . , > ,

Introduction. In the previously papers [1, 2J was shown, that the material 
electrode exhibit an esséntial influence on the electrical and .photoelectrical 

I properties on the heterostructures based on the calcogenide glass thin films' 
This influence is ' conditioned by the energetical barrier on the interface metal - 

' calcogenide glass, the magnitude of which depends on the used materials and 
by the curvature of bands at the semiconductor/chalcogenide glass interface. 
Influence of metal electrode, contacting with a defect (In2S3). and amorphous 
(As2Se3) semiconductors, on the shape of current-voltage, lux-ampere characte­
ristics and photoconductivity spectral distribution of the Me-In2S3/As2Se3-Al 
.and p-InP/As2Se3-Me heterostructures was studied -!.

E \perim en(al The heterostructu ies were obtained on a glass substia te  coveied w ith lower 
m etallic electrode by means of subsequent the im al deposition m vacuum  of defect semiconductors 
(In 2S3) clialcogenide vitreous semiconductors (As2Se3), layers and top electrodes (A1 and Au) Thm 
film s of Au, Al Cr, Ni, Bi, Sn m etals and S n 0 2 were used for electrodes A thm  layer of a 
Zn* I n i _ t alloy is used as an ohniic contact to  the single crystals of p-InP

Results and discussions. The effective resistance of the heterostructures 
Me—In2S3(p-InP)/As2Se3—Me is greater than summary resistance of the com­
ponent thm films. The similar effect was observed for the heterostructure 
Sb2S3/As2Se3 [1]. , 1

The current-voltage characteristics for all used electrodes are non-symme- 
tncal and display a rectification, the magnitude of current lor negative -polarity 
,to the top electrode is greater than for the opposite polarity. For the hetero- 
1 structure Me—In2S3/As2Se3—A1 the ohmic region of forward cun ent-voltage 
characteristics is followed by the power low behaviour (Fig 1), that seems to 
be linked with the space-charge-hmited current in As2Se3. From the anal3"sis 
of current-voltage characteristics for Me-In2S3/As2Se3—Ä1 heterostructures with 
various electrddes. the structure conductivity was seen decreasing with the 
metal' work function y,-n increase.

This can be associated both with current flow at the In2S3/Às2Se3 interfâce 
and _with' the specificai properties of the Me/In2S3 interface. Moreover, from

* Institute of Applied Physics, Academy of Sciences of the SSR Moldova, 277028, Kishinev, USSR
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[njS3/As3Ses —Al heterostructure The polarity of 
plied field-relative to  the lower electrode The matei,lal 
the lcraei electrode 1 — S n 0 2 , 2—Al,  .3  — Au,  The 
ckness of, In»S3 film — 0,3 pm The thickness of 

' As2So3 film — 0 S pm , T  =  293 К

tu re  Illum m ation from- the-, maxitnum 
photosensitivity region ‘ The applied 
bias U = ' 0 75 V a t the positive pola- 
n ty  to the illum ination top, electrode 
Tem prature T, К  1-2951, 2—313,
3 -  337 F  -  light- streught The tin  
ckness of IiijS , film 1— 0 3 pm, the th i­

ckness of As2Se3 film — 0 (i pm

he experiments measuring the drift mobility, the In2S3 semiconductoi was 
sen to possess a bipolar conductivity.

The polarity of applied field exhibits an essential effect on photoelcclrical 
haracteristics of the Me—In2S3/As2Se3—Al heteióstructure' Thus, the lux-ampere 
haracteristics exhibit a power low behaviour with the power index less than 
nity, the slope,of winch decreases with increase^ of temperature on the positive 
olanty to the top electrode (Fig 2) and increases at the opposite polanty

This behaviour of lux-ampere characteristics may be interpieted by Rose 
íodel [3], which assumes an~exponential distribution of localized states m the 
irbiden gap of the amofphous semiconductor ,

* ' '  ЩЕ) =  N 0 exp ( - E / k T 0)', ' (1)' l * ' '
nth the parameter of this distribution T 0

' '  s'

According to this model the concentration of uonequilibrium carrier ti(p) 
ersus-light strength F  is given by
V ( i

n(p) = BFa, ( 2 )
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where В — is temperature independent, and the power index oc depends on 
temperature

* P.5 < a < =  1,0. , (3)
■* " Г  -» 0

According to (3) a deci eases with the temperature increase If the idrift mobi- 
lity of amorphous semiconductors depends on light mtensitj^, the relations (2, 3) 
are more complicated

The spectral distribution ol photoconductivity of the Me — In2S3/As2Seg—A1 
heterostructures is characterized by a wide legion of photosensitivity, due to 
the participation of amorphous and detect semiconductors of different gap 
widths (Eg for As2Se3 is 1,76 eV , Eg for In2S3 is 2 03 eV) It should be noted, 
that the Me —In2S3/As2Se3—A1 heterostructures are photosensitive both m the 
reverse and forward directions, and photosensitivity depends on the used riiate- 
rial electrode to the In2S3 (Fig 3)
The sharp lowering of photocuirent observed in the short-wave régióm is due 
to the process of the surface recombination at negative polarity to the top 
illuminated electrode

On Fig 4 a spectral distribution of photoconductivity of p-InP/As2Se3—Me ■ 
hetei ostructures are given under reverse bias

The heterostructures with an Au electrode to As,Se3 are characterized by 
a wide interval of spectral photosensitivity from 0 9 to 2 4 eV, while for hete­
rostructures with au A1 electrode to As,Se4 this interval is narrowed down to 
1 4 eV .

F i g  3 Photocurrent sp ec tu l distribution for the Me —In 2S,/ 
As_.Sc, -Л1 heterostructure ivitli the  SnO, (1), A1 (2) and An (3) 
electrodes,at positn  e (a) and negnti\e  (b) polaiity  on the illu­

m inated top electrode.
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[g  4 a) Spectral d istribution  of pho- 
lon d u c tm ty  of heterostructures p -InP / 
oSe3—Me w ith Au (1) and Al (2) elec- 
ides b) Load characteristic of lietero- 
uctures w ith Au electrode to  As2Se3

The maximum open-circuit voltage 'is equal to Uoc =  0.6 eV, the short- 
cuit current Isc =  4.6 mA/crn2, the fill factor is 0.5. .

Conclusions. Analysis of the electrical and photoelectrical results may be 
ken into account and used for creation of recording media for holography, 
pecially, m the presence of electrical field and illumination on the surface of 
lorphous semiconductor of the used heterostructure may appear the mecha- 
:al deformations, which change the reflectance and transmitance of the struc- 
re. The magnitude of this modification depends on the photocurrent density 
ross the heterostructure. In this pgint of view, the heterastructure Me—In2S3/ 
2Se3—A1 with the Sn02, Sn, Cr and Ni lower metalic electrodes, characterized 
th a maximum of photosensitivity, appears to be the most favorable. The 
ierostructure p-InP/As2Se3 may be useful for constructing semiconductor 
>des, photodiodes, and other solid state devices with amorphous semicon- 
ctors.
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