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The linear diagonal and offdiigonal thermal c-ts are calculated for a size-quantized semiconducting 
or semimetallic film located in a perpendicular quantizing magnetic field. Special attention is paid to 
degenerate films with essentially discrete carrier-energy spectra. Both the diagonal and off-diagonal 
thermal currents in such films can be determined only by taking into acount the broadening of the 
magnetic-film levels. They are found to be strongly oscillating functions of the position of the chemical 
potential relative to the magnetic-film levels. The thennomagnetic coefficients that are obtained differ 
strongly from the bulk coefficients. Their amplitudes are comparable, but the phases are shifted and 
depend on the magnitude and nature of the broadening. Oscillations of the off-diagonal thermal current, 
of the de Haas-van Alphen type, are also considered. 

PACS numbers: 73.60.Fw, 72.20.N~ 

Interest in thin films is connected both with their in- 
creasingly broad application in microelectronics and 
also with the appearance there of new physical pheno- 
mena that a re  absent in bulk samples. The application 
of a quantizing magnetic field perpendicular to the plane 
of the film makes the energy spectrum of the carr iers  
(electrons) discrete, and leads to interesting new ef- 
fects in the kinetic properties of such systems. In par- 
ticular, in the calculation of the conductivity, it turns 
out to be necessary to take into account the broadening 
of the electron levels in self-consistent fashion.c1p21 In 
the present work, we have calculated the thermomag- 
netic kinetic coefficients of size-quantized films placed 
in a transverse quantizing magnetic field. 

Thermomagnetic phenomena in thin films have also 
been studied in a work that appeared recently.c31 How- 
ever, broadening of the electron states was not intro- 
duced in this research, so  that answers could be ob- 
tained only in the range of parameters where the spec- 
trum could be assumed to be quasicontinuous. We shall 
be interested primarily in the effects associated with 
the discreteness of the electron states, when a small 
number of the magnetic-film levels a re  occupied. Some 
no= (n12d,)-I electrons can be located on each of the lev- 
els in a unit volume, where I = (~f i /e , ,H) '~~ is the mag- 
netic quantum length, d, is the thickness of the film. 
and we do not take into account spin splitting. For  
H-lo4 - lo5 G and d,-10-5 cm we have no-3 1015-17~m3. 
Moreover, a s  a rule we shall consider degenerate films, 
where the temperature spread is less than the distance 
between levels A,,N (n and N are  the film and magnetic 
quantum numbers), which is equivalent to T<fiSl,A,, 
where 51, = e&/cm and A,= R2n 2n/nzd:. 

2. OFF-DIAGONAL COEFFICIENTS 

Since the size quantization affects only the z compo- 
nent of the motion of the electrons, the general formu- 
las for the off-diagonal kinetic coefficients of the bulk 

samples in a quantizing magnetic field, obtained after 
a corresponding account of the diamagnetic fluxes,[41 
remain valid also in the film: 

l . = ' J & E k - ~ , k ~ 4 1 ' ,  

cs 
(1) 

ceon. 
j.,= --[Eli]--[VTH], 

H ' 11: (2) 

where n,, -eo and S a re  the concentration, charge, and 
specific entropy of the electrons respectively. For non- 
degenerate films, j3,, was calculated in Ref. 3 for ar-  
bitrary thickness and magnetic fields. 

At low temperatures, the formulaCS1 

is customarily employed. However, the thermodynamic 
potential G(p,H, T =0)  a s  a function of the chemical po- 
tential p and H, has discontinuities everytime the mag- 
netic film level crosses the Fermi  level. This is con- 
nected with the singularities in the density of states of 
the noninteracting electron gas and leads to nonphysical 
jumps in such quantities a s  S and the magnetic moment 
M .  In order to surmount the difficulties that arise in 
the calculation of 51, it is necessary to take into account 
the broadening of the discrete, strongly degenerate mag- 
netic-film levels through one sort  of mechanism o r  an- 
other of the electron scattering. By the definition of the 
thermodynamic potential, we have 

where 6 is the many-particle Hamiltonian of the elec- 
trons which interact with the impurities, phonons and 
(or) surface roughnesses, i? is the operator of the num- 
ber of particles, and the trace is taken over the entire 
set of many-particle states. We differentiate both sides 
of the relation (5) with respect to p: 
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where G i s  the exact single-electron Green's function. 
Transforming to the energy representation for G in (6), 
and again integrating with respect to p, we obtain for 
the thermodynamic potential an expression that takes 
into account the broadening and renormalization of the 
single-electron spectrum:" 

where cu is the set of quantum numbers of the free elec- 
tron in a thin film placed in a transverse magnetic field. 
Further calculations depend on the relations between 
the parameters T and rN ,, (rNO,,, is the effective width 
of the magnetic-film leyey nearest the Fermi level) and 
on whether the energy regions in which the quantities 

differ appreciably from.zero overlap. 

If T << l?NO,nO and the low-temperature expansion (4) con- 
verges well at any .location of the chemical potential rel- 
ative to the centers of the broadened  level^,^' then it 
follows from (3), (4), and (7) that 

At r<< A, the density of the electron states p(E) oscil- 
lates strongly. Thus, for Lorentz broadening we have 
pmu/pmia = ~ ' / 8 r ~ .  If the temperature scatter exceeds 
the collision broadening, A,,, ,,>> rN,, ,, then the ex- 
pression for &, becomes somewhat complicated; how- 
ever, it i s  easy to show that @,, will oscillate as  before. 

If I p - ENOlno I " r,,,,,, then the region of energies in 
which depends significantly on T overlaps with the 
narrow region of the spread of the level ( Y ~ = { N ~ ,  no}: 

If E + T << y << E,+ A,, - T, then these regions do not 
09 coinclde and the integration in (5) must be carried out 

also over the regions of broadening of the levels near 
E,, and E ,,+ A,,, and over the region ( E  - (1 1 4 T, 
where 8n/8T is not small: 

Strictly speaking, the low-temperature expansion 
proves to be inapplicable also in the case T < r, if p 
lies between the maxima of the density of states. In 
this case the contribution to (8) from integration over 
the broadening region can prove to be important near 
the minimum of fix,: 

Thus p,, at low temperatures and at A> r undergoes 
strong oscillations with change in the magnetic field, 
concentration or film thickness. The amplitude of these 
oscillations can be much greater than unity. We note 
that the formula (8) can be obtained with the help of the 
generalized Wiedemann-Franz relation,c81 if the concen- 
tration of electrons in ox, is expressed in terms of the 
density of states. 

For quasi-classical magnetic fields (IJ. >> tin,) and 
"thick" (p>> A,, A, is the value of the film quantum) 
films, the quantity p,, can be found with the help of the 
thermodynamic potential 51, which has been obtained by 
a number of a ~ t h o r s . ~ ~ * ~ ]  We give here only the expres- 
sions for W(T) and fix, of a degenerate "thin" film in a 
quasiclassical magnetic field ( p, A, >> tin,, T) obtained 
with the help of the Poisson formula3); here the broad- 
ening can be disregarded because of the quasi- continuity 
of the Landau levels: 

(-1)' a. + -cos(7rrsc;,,) - (ctli 0.-a -') . E "C!t<I-', -,. 
S sh (1. I I (13) 

where in formulas (12) and (13), 

The second term in the square brackets in (13) cor- 
responds to the ordinary oscillations of the thermody- 
namic quantities in quasiclassical magnetic fields. How- 
ever, whereas in bulk samples, the oscillating part of 
p,, i s  small in comparison with the monotonic part (the 
rapid function in the small correction to &2 does not 
depend on T), in our case the first term in the square 
brackets in (13) at A,,>> T i s  also a non-monotonic func- 
tion of the location of the chemical potential relative to 
the film levels and can be significantly less than its 
amplitude value -lS2/2n2~. At %>>me, the period of 
change of Z,af,/aZ, is significantly smaller than the 
period of the cos 2nsB, oscillations. Therefore, at 

I E ,  - y ( >> T, the contribution to (13) of the term that 
i s  oscillating rapidly with the magnetic field will be 
significant. We also note that at a, < 1, the amplitude of 
the oscillations depends weakly on the number of the 
harmonic and a decrease sets in only at a,> 1. 

3. DIAGONAL COEF FlClENTS 

As has already been noted, the calculation of the con- 
ductivity for a quasi-two-dimensional gas in a quantiz- 
ing magnetic field requires the account of the broaden- 
ing of the levels. This i s  equivalent to the separation, 
in the Kubo formula for a, expanded in powers of the 
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interaction Hamiltonian, of terms corresponding to the 
broadening, and summation of this subsequence. c1*21 

The application of a similar approach to the calculation 
of Y,, encounters significant additional difficulties, as- 
sociated with the necessity of taking into account the 
interaction energy fluxes in the expansion of the Kubo 
formula.c91 We can get around these difficulties by using 
the well-known results for u,,[1*2*101 and the general 
formal relations between the kinetic c ~ e f f i c i e n t s ~ ' ~ ~ ' :  

The expressions for @,(E) have different forms for 
the different scattering mechanisms of the electrons, 
but also depend on the approximations used in obtaining 
a,. We consider the case of elastic scattering from 
impurities and use *,(E) from the work of ~ e r h a r d s ~ ' " ]  

(An >>r, T). Then, in the case T <<I? << p, we have 

8n e,T 
3 hd, 

.v,n 

The qualitative behavior of P,-alternating oscilla- 
tions with (P,),, -e,T/tid,r-is maintained i f  @(E) dif- 
ferent from (15) a r e  used. If the condition l? << T is 
satisfied for the degenerate film, then 

and now P, oscillates with (P,,),, -eoI'/tid,T. In con- 
trast with Eqs. (10) and (ll), integration over the re- 
gion / p - E ( " T a t  small density of states on the Fermi 
surface gives an insignificant contribution to P,, in most 
cases because of the odd parity of the function 
E/cosh2E. 

With decrease in the magnetic field o r  increase in 
the film thickness, the expression for 9 (E)  will become 
complicated because of the necessity of taking into ac- 
count the effect of the other levels on the broadening. 
However, numerical calculation that the os- 
cillations of p(E) and ox, diminish slightly with decrease 
in the magnetic field. Since, in contrast with the bulk 
sample, the principal contribution to the diagonal terms 
in the degenerate film in a strong magnetic field under 
the condition A > r  a r e  made by the one o r  two magnetic- 
film levels close to <=, independently of the number of 
occupied levels, we can expect that P,, will be described 
by formulas of the type (16) and (17) even in quasiclas- 
sical fields (p ,  A,>>tin,). 

When the degeneracy is lifted the oscillations of P, 
vanish and the result, which can be obtained from the 
relaxation4 ) 

which follows from (9) a t  - p +me/2 +A,, >> T and the 

775 Sov. Phys. JETP 47(4), April 1978 

expression for  u,, obtained previously,c21 has qualita- 
tively the following form: 

4. THE THERMOELECTRIC POWER AND THE NERNST- 
ETTINGSHAUSEN COEFFICIENT 

From the viewpoint of comparison with experiment, 
i t  is of interest to know the theoretical formulas for 
the thermoelectric power a! and the transverse Nernst- 
Ettingshausen coefficient Q : 

For  bulk samples in a strong magnetic field (51,~ >> 1) 
the diagonal thermal coefficient 6, can be important 
for the thermoelectric power in a strongly compensated 
semiconductor with n, =n  and in the oscillating part of 
a!.cg1 The situation is different in degenerate, size- 
quantized semiconducting films. There, u,, undergoes 
strong oscillations and (a,,),, - u,,. C'*21 Moreover, a s  
follows from the results of this work, the diagonal and 
off-diagonal thermal currents also undergo oscillations 
with comparable amplitudes and shifted phases. There- 
fore, in both a! and Q, it is generally necessary to keep 
all  terms both in the numerator and in the denominator. 
One should expect a complicated oscillating behavior 
of a! and Q in the change of the film parameters and (or) 
magnetic field even for the simplest forms of symmetric 
broadening and without account of spin splitting. In par- 
ticular, because of the reversal of the sign of B, when 
the chemical potential goes through a maximum @(E), 
the quantities CY and Q can vanish and will be nonsym- 
metric relative to p = E  ,,,. Because of the sensitivity 
of p,, CY and Q to the electron spectrum and the scat- 
tering mechanism of the carr iers  in thin films, com- 
bined galvano- and thermomagnetic experiments can 
give valuable information on these quantities. 

I express my gratitude to A. N. Starostin for discus- 
sion of certain questions touched on in the research, 
and R. F.  Ulinich for useful observations. 

" ~ l o n g  with the calculation of the entropy, we can also use Eq. 
(7) in the calculation of such thermodynamic quantities of the 
degenerate quasi-two-dimensional electron gas in a magnetic 
field as the magnetic moment and the heat capacity. 

2 ) ~ e  note that the criterion for the applicability of the low- 
temperature expansion 

n= 1 , 2 , .  . . depend strongly also on the shape of the line also. 
3'~ogadze and ~ u l i k [ ~ l  give only the oscillating part of 3. 
4 ) ~ h e n  using this relation, one must not differentiate with re- 

spect to the "phonon'' temperature. 
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Large and small structural fluctuations in Pb-CdS-In junctions were investigated. It was found that 
such photosensitivity junctions were particularly suitable for investigations of this kind. The dependence of 
the maximum Josephson current on the magnetic field was determined and a good agreement was obtained 
between the experimental and theoretical results. 

PACS numbers: 85.25. +k, 85.60.G~. 74.40. +k, 74.50. +r 

1. INTRODUCTION 
known to be given by the modulus of the Fourier compon- 
ent of the maximum current density: 

Influence of inhomogeneities in the barrier layer on 
LIZ 

the properties of a Josephson tunnel junction has been ,,(,)-I LV I ~ , ~ ~ ~ ( ~ ~ z ) d z I .  (1 
investigated comprehensively by  ans son.['*^^ ' ) Of -LIZ 

special interest a re  "structural fluctuations," which a re  
randomly distributed inhomogeneities altering greatly 
the properties of a contact. In particular, Yanson 
studied the influence of such structural fluctuations on 
the dependence of the critical current on the applied 
magnetic field. Since these fluctuations disturb the ho- 
mogeneity along a Josephson junction, the observed ef- 
fect was particularly noticeable for low values of the 
barrier energy, namely near the minimum of the depen- 
dence of the superconducting current on the magnetic 
field. Although the experiments described above were in 
agreement with the theory, some of the effects predic- 
ted by the theory have not yet been confirmed experi- 
mentally. 

We investigated photosensitive semiconductor junc- 
tionst3] which made i t  possible, a s  shown below, to 
study more effectively the problem mentioned above. 
Yanson's theory was considered from a somewhat dif- 
ferent point of view and it was developed further. Ex- 
perimental dependences of the critical current on the 
magnetic field in the presence of fluctuations were ob- 
tained and discussed. A comparison was made with the 
theory and a very good agreement was obtained. 

2. THEORY 

We shall consider the main results of ~ a n s o n ~ l * ~ ]  in 
a somewhat modified form. The relationship between 
the Josephson current and the applied magnetic field is 

It is assumed that the barr ier  is in the (x,y) plane; L 
and W a r e  the dimensions of the junction along the x and 
y axes; qJ is the normalized magnetic flux p = @/a,, 
where is the flux produced by an external magnetic 
field B directed along the y axis and @, =h/2e  i s  a quan- 
tum of this flux. 

We shall allow for the presence of structural fluctua- 
tions by rewriting the current in the one-dimensional 
form: 

here, J,@) is the distribution on the current density in 
the absence of fluctuations and Jf(x) is the random dis- 
tribution of inhomogeneities, such that (J,(x))=O, where 
the angular brackets represent averaging over the junc- 
tion area.  We shall assume that the correlation function 
of Jf(x) is of the formc4] 

( J j )  is the average value of the square of the ampli- 
tude of the fluctuations (it is assumed that (53) is con- 
stant over the whole junction) and r is the correlation 
radius characterizing the size of inhomogeneities. 

Substituting Eq. (2) into Eq. ( I ) ,  and allowing for Eq. 
(31, we obtain 
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