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Tunnel effect in superconductors with nonequilbrium quasi- 
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Small deviations of the volt-ampere characteristics of laser-irradiated Pb-PbO-Pb and Sn-SnO-Sn tunnel 
junctions from equilibrium are measured. The decrease of the junction conductivity due to nonequilibrium 
occupation of the quasi-particle states is investigated in detail for various temperatures and laser-radiation 
intensities. The tunnel current is calculated for a special model with a nonequilibrium excitation 
distribution function. The results of the calculation are in good agreement with the experiments. The role 
of thermal effects is analyzed. 

PACS numbers: 74.50.+r, 74.70.Gj, 79.20.D~ 

1. INTRODUCTION sities. The calculation of the volt-ampere characteris- 

A stationary energy distribution of the quasiparticles 
and phonons, which differs considerably from the equi- 
librium distribution, is established a t  sufficiently low 
temperatures (kT << A) and under the influence of laser 
radiation in thin superconducting films. ['I The proper- 
t ies of the superconductor in such a nonequilibrium state 
a re  determined both by the total number of excess ex- 
citations and by the actual form of their energy distribu- 
tion. However, experiments carried out to date have 
been limited principally to measurements of such in- 
tegrated characteristics a s  the energy gap, [" the dc 
resistance, or tlie reflection coefficient a t  microwave 
frequencies. '" Therefore, their results can be suffi- 
ciently well explained by various model-dependent dis- 
tribution functionsc5p81 under the condition that the con- 
centration of the nonequilibrium excitations is small and 
that their total number remains unchanged. 

A decrease in the conductivity of a laser-irradiated 
tunnel junction was first  observed experimentally in 
Ref. 7 in a narrow range of voltages eV>2A, the reason 
for this decrease is the occupation of part  of the states 
over the energy gap by photo-excited nonequilibrium 
quasiparticles. The tunnel effect allows a direct mea- 
surement of the energy localization of the nonequilib- 
rium occupation and, consequently, yields some infor- 
mation on the nonequilibrium contribution to the dis- 
tribution function of the quasiparticles. 

In the present we report here an experimental study 
of the behavior of the tunnel junctions of lead and tin ir- 
radiated by an He-Ne laser. The measurements were 
performed at  various temperatures and radiation inten- 

tics of the junctions was performed with the use of the 
nonequilibrium quasiparticle distribution function pro- 
posed by Vardanyan and lvlevCB1 and agrees well with the 
experimental results. 

2. EXPERIMENTAL METHOD 

The measurements were carried out on Pb-PbO-Ob 
and Sn-SnO-Sn tunnel junctions prepared by the usual 
techniques (condensation in a vacuum and oxidation in a 
glow discharge). The area  of the junctions amounted to 
0.15-0.06 mm2, the resistance was 1-15 ohms. The 
thickness of the metallic films was within the range 
1000-2000 A. Crystalline quartz o r  sapphire was used 
a s  a substrate; in the initial states of the research, 
glass was also used. The sample was placed directly in 
liquid helium. I' 

Radiation from an He-Ne laser  of wavelength 1.15 j.t 

was chopped a t  a rate of 420 Hz by a disc modulator 
(Fig. I), guided into the cryostat by a light pipe, and 
focused with the help of a cone on the upper film of the 
sample in the form of a spot with a diameter of 2.2 mm. 
Par t  of the radiation was diverted to a calibrated photo- 
detector to  record the power level in the measurement 
process. The power was regulated by an iris diaphragm 
and by grid attenuators. Tbe optical system was tuned 
against the red emission line a s  the laser  resonator tun- 
ing was varied. To prevent heating and formation of a 
spatially inhomogeneous nonequilibrium state in the 
film, relatively low levels of radiation intensity were 
used. 

After amplification and synchronous detection, the 
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FIG. 1. Block diagram of measuring apparatus and configura- 
tion of tunnel junctions: A-amplifier, SD-synchronous detec- 
tor, PR-photoresistor. TCP-two-coordinate potentiometer, 
CS-current scanning unit. 

alternating component of the voltage on the sample 6V 
was recorded as a function of the current through the 
junction. The contribution to the tunnel current ~ I ( v )  
from the laser radiation is connected with the experi- 
mentally measured 6V(Z) dependence by the relation 

where I(V) is the volt-ampere characteristic of the tun- 
nel junction and d ~ / d I  i s  i t s  f i rs t  derivative. Both these 
characteristics were measured in the experiment and 
agreed well with values known from the literature. 
The recording of ~V(I) was carried out a t  both polarities 
and the values of 6V were defined as the arithmetic 
mean. For  the change of the energy gap 6A we took the 
value of 6V a t  the level of one-half the jump in the quasi- 
particle current a t  the voltage V = 2 ~ / e  (see Fig. 4 be- 
low). 

The results for junctions of different configuration 
(see a and b in Fig. 1) were identical. The investiga- 
tions were carried out chiefly on junctions of type b, 
which allowed the use of a four-probe circuit connection. 

3. EXPERIMENTAL RESULTS 

Effect of temperature and radiation power on the 
energy gap 

It was first  necessary to establish the fact that the ob- 
served characteristics were not due to ordinary heating 
of the tunnel junction by the radiation. For this purpose, 
we measured the dependences of the energy gap on the 
temperature and the radiation intensities which were 
reliably established for the photoexcitation processes 
both t h e o r e t i ~ a l l ~ ~ ~ * ~ ~  and experimentally. In corre- 
spondence with eldsting theories (see, in particular, 
Ref. 8) i t  is necessary a t  sufficiently low temperatures 
(kT << A) to distinguish between two limiting regimes. 

1. The weak injection regime, in which the number 
6N of nonequilibrium quasiparticles is much smaller 
than the number NT of thermally excited equilibrium 
ones (6N<<NT). In this case, the temperature depen- 
dence of the gap change (6A = D, - A) is determined by 
the recombination time for quasiparticles (6A increases 
with decrease in temperature): 

FIG. 2. Change in the energy 
gap with temperature for three . . radiation intensities (Po = 65 
mw/cm2). 

where a is a constant coefficient that determines the 
number of nonequilibrium quasiparticles, P is the ra-  
diation intensity and 4 is the energy gap in the equilib- 
rium state. 

2. The strong injection regime, in which the reverse 
inequality holds, N, << 6N. The gap change depends very 
weakly on the temperature and is determined chiefly by 
the radiation intensity 6A- fi. 

The experimental plots (Fig. 2) obtained by us for the 
tunnel junction Pb-PbO-Pb, show two distinct regions 
of change of 6 4  corresponding to the two injection re- 
gimes. The measurements were carried out a t  three 
l a se r  power levels. The quantity Po corresponds to a 
power level of 65 mw/cm2. The boundary condition A/ 
kT which separated one regime from the other, is equal 
to = 7.7 for the upper curve and increases with decrease 
in power. The solid line is the result of calculation ac- 
cording to Eq. (2) in the case of cuP equal to 0.058 
(curve I), 0.029 (curve 2), 0.012 (curve 3) nanovolts. 
The ratios of these quantities a r e  in good agreement 
with the radiation-intensity ratios, which confirms the 
constancy of the coefficient a for all the plots. 

Figure 3 shows plots of ~A[(P/P,)"~] for the tunnel 
junctions Pb-PbO-Pb (curve 1) and Sn-SnO-Sn (curve 
2). The measurements were carried out a t  T =1.65 OK. 
A linear dependence of 6A(6N>> N,) is observed for lead 
junctions up to P = 0.16 Po. At lower power levels, a 
transition occurs to the regime of weak injection and the 
dependence becomes quadratic in (P/P,)"~, i.e., the de- 
crease in the energy gap is proportional t o  the radiation 
intensity. At a temperature of 1.65 OK, for a tin tunnel 
junction, 6A - P/P, (Po = 23 mw/cmz) over the entire 
range of variation of the laser  radiation intensity. This 
means that the inequality 6N<< NT holds for tin over the 

BA.  MV $4 IJV 

FIG. 3. Dependence of the change 
in the energy gap 6A and depth of 

3 2 : the minimum 6Vm on the radiation 
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entire range of change of the power level. We recall 
that the conditions for the satisfaction of this inequality 
a r e  determined by the power level, the temperature, the 
energy gap, and the recombination time of the quasi- 
particles. 

The good agreement of the obtained experimental re-  
sults with the theorycs1 that takes into account only the 
photoexcitation of the quasiparticles can serve as a suf- 
ficiently convincing proof of the absence of direct heat- 
ing of the tunnel junction by the laser radiation at the 
power levels selected in the temperature range studied. 
As our special studies have shown, the heating actually 
takes place for the tunnel junction on a glass substrate 
of thickness 0.1 mm at  temperatures above the X point 
of liquid helium. In order to eliminate the effect of 
photoexcitation on the change in the gap, in the study of 
heating we applied the laser radiation to the side of the 
substrate opposite to the junction, a side covered by an 
opaque layer of silver paste of thickness - 0.1 mm, o r  
by a film of lead with thickness - 1 p. In these experi- 
ments, In 6A decreased monotonically with increasing 
A / ~ T ,  in contrast to Fig. 2, and 6A tended toward zero 
a s  T- T,. 

Pb-PbO-Pb junctions 
- The family of plots of the additional voltage 6V that 

ar ises  a t  the Pb-PbO-Pb tunnel junction under the ac- 
tion of laser radiation, vs the current I through the 
junction, i s  shown in Fig. 4. The maximum intensity - 100 mw/cm2 corresponded to  the upper curve. For 
succeeding curves, the intensity decreases by a con- 
stant amount b P  = 8.3 mw/cm2 in correspondence with 
plot 1 of Fig. 3, where the values of 6N at Is 1 mA a r e  
shown (see the vertical dashed line for the current 1 mA 
in Fig. 4). The current through the junction serves as 
the independent variable specified in the experiment. 
The voltage a t  the junction could be determined from the 
volt-ampere characteristic, shown by the dotted lines 
in Fig. 4, by projecting with i t s  help any point of the 
curve 6V(a onto the V axis. 

As i s  seen from Fig. 4, the jump of the single-par- 
ticle current with increase in the radiation intensity is 
increasingly smoothed, i. e., the gap singularity in the 
density of states is smeared out over the energy. The 
depth of the minimum bV, a t  V = 3.1 mV increases with 
increase in the radiation intensity (curve 3 in Fig. 3), 
while the course of this dependence is similar to that of 
6A(P). The temperature dependence of the depth of the 
minimum is discussed below. In correspondence with 

075 FIG. 4. Dependence of the 
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Eq. (I), the contribution to  the tunnel current is positive 
a t  voltages below 2 ~ / e ,  and changes sign a t  voltages 
above 2 A/e. 

In addition to the negative contribution to the current, 
which is localized directly behind the gap, two smeared 
minima a r e  observed in the region of the phonon singu- 
larities of lead a t  eV=2A+EwT,=7.5 meV and eV=2A 
+Ew,,= 11.6 meV (see Fig. 2 in Ref. 7). The location 
of the minima on the V axis corresponds to  maxima in 
the density of states of transverse TA and longitudinal 
LA acoustic phonons of lead. The depth of the minima 
is practically independent of the temperature. 

Sn-SnO-Sn junctions 

Figure 5 shows a ser ies  of 6V(I) plots for the Sn-SnO- 
Sn tunnel junction, measured at different laser radiation 
intensities. The upper curve corresponds to the maxi- 
mum radiation intensity 23 mw/cm2. The values of the 
intensity for the remaining curves can be determined 
from curve 2 of Fig. 3. Each bV(I) curve on Fig. 5 cor- 
responds to  an appropriate point on curve 2 of Fig. 3. 
As is seen from the figure, the contribution to the tunnel 
current from the radiation, is positive everywhere (see 
Eq. (1)). However, some dip is observed at V 2 2 ~ / e  
= 1.45 mV at relatively high intensity levels. 

The changes in the volt-ampere characteristics in the 
region of voltages V>> 2A/e a r e  shown in Fig. 6. In the 
voltage interval 5.2 mV< V< 20.4 mV, 6V becomes posi- 
tive and increases with increase in the intensity. The 
range of energies in which 6V> 0 is identical with the 
region of high density of states of the phonon spectrum 
of tin, shifted in energy by the value 2A. Out- 
wardly, the dependence bV(I) plot recalls remotely the 
dependence of the phonon density of states on the energy 
with a smoothed fine structure. As has already been 

FIG. 6 .  Plots of 6V(O and 
V(Z) for the junction Sn-SnO- 
Sn (1-P = 23 mw/cm2; 2-P 
=9.2 mw/cm2) T=1.65  K. 
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noted in the previous section, similar singularities have 
been observed by us in lead (see Fig. 2 in Ref. 7). 

4. DISCUSSION OF EXPERIMENTAL RESULTS 

Theoretical calculation of the tunnel current in 
superconductors with a nonequilibrium distribution 
function 

The decrease in the conductivity of tunnel junctions 
in a narrow range of voltages past the gap, which ar ises  
following irradiation by a laser, can be explained by the 
nonequilibrium occupation of the quasiparticle states 
(the "blocked" states in the film irradiated by photoex- 
cited quasiparticlesc7'). For the calculation of this ef- 
fect, we make use of the expression for the current 
through the tunnel junction of two superconductorsc101: 

where n,,, is the density of states, fl,, is the quasipar- 
ticle distribution function, and R ,  is the tunnel resis-  
tance of the junction in the normal state. We define the 
contribution to the tunnel current arising in laser i r ra-  
diation as the difference 

where I. is the current through the junction without the 
irradiation, and 61 is a function of the voltage V at  the 
junction, of the energy gap, of the temperature, and of 
the radiation intensity. 

In the general case, calculation of the current I 
through a junction irradiated by the laser must be car- 
ried out with the use of the nonequilibrium values n(&), 
f ( & )  and A. Taking into account the complexity of such 
a problem, the necessity of calling on certain model 
representations is evident. For subsequent calcula- 
tions, we employ the following model. Radiation leads 
to a nonequilibrium distribution of the quasiparticles 
only in one irradiated film of the tunnel junction. The 
distribution function for this electrode has the form of 
the usual Fermi function with the nonequilibrium incre- 
mentCB1 in the form 

The quantity 6A/2A determines the relative number of 
excess excitations, which depends on the radiation in- 
tensity, and can be measured directly. The nonequi- 
librium phonons that a r e  generated through energy re-  
laxation of the quasiparticles and can lead tm a nonequi- 
librium distribution of the quasiparticles also in the 
other film of the junction a r e  not taken into account in 
the calculation. We also neglect the dependence of 6f on 
the coordinates, since the film thicknesses a r e  much 
less than the diffusion path length of the quasiparti- 
cles. "*91 The changes in the gap, measured experi- 
mentally, a re  sufficiently small (6A/A,, 5 lo5); there- 
fore we can use the equilibrium value A,, in the calcula- 
tions. In particular, for lead, this value, measured as 
the voltage of the midpoint of the jump in the single-par- 

ticle current, amounts to 2 4  = 2.85 meV at  T = 1.65 K. 
For  the density of states, we assume the ordinary ex- 
pression of BCS theory. In the non-irradiated film n(&) 
and f(c) a r e  taken a t  their equilibrium values. 

After substitution of the corresponding expressions in 
(3) and a number of simple transformations, the incre- 
ment of the current will be of the form 

6I(V,T,P)=- "fz ( - 2)" [ O ( ~ V - ~ A ) J , + J , ] ,  (6 ) 

where e(eV - 2A) is the Heaviside step function, 

1 [ (eV-2A)2xZ-  ( e V ) ' ]  exp[ (2A-eV)  /2kT ( I + x )  -'I 
J (~-X)'[(~V+~A)~-(~V--~A)~Z~]"~ dz, (7) 

-1  

The integration of Eqs. (7) and (8) has been performed 
numerically on a high-speed computer with the use of 
the Gaussian quadrature formulas. '11' J, is negative a t  
eV 3 2A and has a sharp minimum near 2A with a mini- 
mum value of i7~/2. With increase in the voltage, Jl - 0; J, >O over the entire range of displacements and 
also approaches zero at V greater than 24. Thus, Jl 
and J, enter into the expression for the contribution to 
the tunnel current with different signs; therefore the 
sign of 61 is determined by the absolute values I J, I and 
I J, I ,  which depend on the temperature and the value of 
the energy gap. There will be no negative increment to 
the current whenever I Jl I < I J, I over the entire energy 
range. This occurs a t  some temperature T >T *, where 
T * is equal to 5.2 and 2.3 K, respectively, for tunnels 
of lead and tin. 

Comparison of theory with experiment 

It follows from the experimental results (see Figs. 4 
and 5) that the model used describes best the situation in 
Pb-PbO-Pb tunnel junctions; therefore, we give a quan- 
titative comparison with theory for these junctions. Fig- -_ 
ure  7 gives (solid line) the calculated 6I(V) dependence, 
while the circles represent values taken from the ex- 
perimental curves 6V(I) with the use of Eq. (1). Both 
dependences a r e  in good agreement in shape and scale 
of change of 61.~' However, there a r e  some differences. 
We shall analyze the reason for them. 

The stepwise decrease in 61 obtained in the theory a t  
eV=2A is due to the choice of the form of the function 
of the density of states. As is known, a finite slope of 

FIG. 7. Decrease in the 
tunnel current of the junc- 
tion Pb-PbO-Pb in the case 

- i J of radiation by the laser 
(continuous curve-calcu- 

- 60 lated for the model); T 
=l. 65 K. 

- 80 
81. nA 
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the jump of the single-particle current is observed ex- 
perimentally a t  the threshold voltage. C121 Account of 
the smearing out of the singularity of the density of 
states near the threshold should lead to a smoothing of 
the shape of the minimum of 61 on the calculated curve. 
Another discrepancy between the calculated and experi- 
mental values of 61 is the more rapid decrease of 6I(V) 
a t  large V, obtained experimentally. It can be due to 
the creation of nonequilibrium quasiparticles in the non- 
irradiated film of the tunnel junction, resulting from 
the penetration into i t  of recombination phonons from 
the irradiated film. The presence of nonequilibrium 
quasiparticles in both films of the junction is equivalent 
to a certain effective heating of the junction a s  a whole 
and should lead to a positive increment to the tunnel 
current (increase in the amplitude of J, in Eq. (6)). The 
value of the temperature T * turned out to be lower, ex- 
perimentally, for the junctions Sn-SnO-Sn for the same 
reason. In special experiments on the study of the ef- 
fect of heating, described above, 6V(Z) was always posi- 
tive, similar to the plots shown in Fig. 5, but without 
the dip in the region eV? 2A. 

,--*..-C 

I' - 

4 

i o o - o  - 

2 - 

The effect of the laser radiation intensity on the in- 
crement to the tunnel current is determined, according 
to (6), by the ~A(P) dependence and is well supported 
by the experimental data (Fig. 3, curves 1 and 3). 

5 FIG. 8. Temperature dependence 
of the contribution to the current 

- u n ~ i a t . i o n o f t h e j u n c t i o n  Pb-PbO-Pb (continuous curve- 
calculated for the model) and 6A 
(dashed). 

The depth of the minimum of 61 a s  a function of the 
temperature is determined essentially by the 6A(T) de- 
pendence and is demonstrated in Fig. 8, where the cal- 
culated (solid curves) and experimental (points) values 
a r e  shown. For comparison, the dependence of ln (6A) 
on A/&T (dashed) is also shown in the figure. 

The source of the phonon singularities obtained in the 
present research for tin junctions, just a s  in Ref. 7 for 
lead junctions, is apparently the smoothing of the singu- 
larities of the density of states of the quasiparticles a s  
a function of the energy, a consequence of which is a 
corresponding smoothing of the volt-ampere character- 
istics. 

5. CONCLUSION 

The investigation of the tunnel effect in superconduc- 
tors  with nonequilibrium occupation of quasiparticle 
states allows us in principle to establish completely the 
nonequilibrium increment to the distribution function. 
Interest centers here on the determination not only of 
i t s  principal part, localized directly over the gap, but 
also on the exponentially small tail, which extends into 

the range of energies of the order of the characteristic 
phonon frequencies. Whereas the principal part of the 
nonequilibrium increment of the distribution function 
carr ies  information principally on the recombination 
time of quasiparticles with formation of a Cooper pair, 
the exponentially small contribution in the region of high 
energies reflects the energy dependence of the time of 
electron scattering, i. e., it is directly connected with 
the imaginary part  of the self-energy of the electron in 
the phonon field. However, extraction of this informa- 
tion from the tunnel characteristics of the nonequilib- 
rium superconductors in the given setup of experiments 
is not possible. The reason for this l ies not only in the 
smallness of the corresponding increments of the tunnel 
current, but also in the significant departures from the 
theoretical model, which a r e  observed upon increase of 
the radiation intensity. As experiment confirms, the 
density of states undergoes appreciable changes upon 
increase in the radiation intensity. Singularities in the 
density of states, due to  the energy gap and the phonon 
characteristics, a r e  smoothed out, similar to what oc- 
curs under the action of other strong mechanisms of 
pair  breaking, for example a current state with a high 
current density, the effect of a strong magnetic field on 
superconductors with impurities, the effect of magnetic 
impurities, etc. As is seen from the present work, this 
effect appreciably exceeds the expected change in the 
tunnel current due to the nonequilibrium character of 
the distribution function. This conclusion follows also 
from the results of our previous research. 'I1 

Thus, only the region of energy localized directly 
above the gap remains accessible for experimental in- 
vestigation. The present work has been devoted to  a de- 
tailed investigation of the principal part  of the nonequi- 
librium increment of the distribution function (Eq. (5)), 
localized in this region of energies. We shall subse- 
quently attempt to improve the agreement of theory with 
experiment by taking into account phenomenologically 
the smearing of the density of states near the threshold 
by introduction of a modified density of states n'(c), 
equal 

where the function of smearing of the gap A(& -cl)  ap- 
pears under the integral. This function has a finite 
width. The shape of this function and the magnitude 'of 
the smearing a r e  chosen by comparing the experimental 
volt-ampere characteristics with the calculated ones. 
In addition, we can attempt to  take into account the non- 
equilibrium heating up of the lattice by the recombina- 
tion phonons, or  set  up experiments which eliminate the 
excitation of quasiparticles by the recombination pho- 
nons in the non-irradiated film, for  example, by i r ra -  
diating an Sn-Pb junction from the tin side. We pro- 
pose to carry out these investigations in the near future. 

The authors a r e  grateful to I. 0. Kulik, B. I. Ivlev 
and V. P. Seminozhenko for discussion of the results, 
and A. Yu. Krasnogorov for help in carrying out the 
experiments. 
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" ~ t  T < T,, the results were independent of the material of the 
substrate. 

2 ) ~ e  note that the theoretical curve does not contain any 
arbitrary fit coefficients. 
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Thermodynamics of an impurity uniaxial ferromagnet below 
the Curie point 

8. N. Shalaev 
Umls State University 
(Submitted September 24. 1976) 
Zh. Eksp. Teor. Fiz. 72, 1192-1196 (March 1977) 

A four-dimensional Ising model and an easy-axis ferromagnet with dipole interaction (d = 3), containing 
randomly distributed pinned impurities, are considered. The renormalization-group methods yields exact 
equations of states for both systems. The temperature and field dependences of the susceptibility, the 
magnetization, and the heat capacity are obtained below T, and in an external magnetic field. 

PACS numbers: 75.40.Dy, 75.30.C~ 75.30.H~ 

In systems having randomly disposed pinned impuri- In this paper we obtain by the renormalization-group 
ties, scattering by impurities leads to an additional in- method an exact equation of state for impurity systems, 
teraction of the critical fluctuations of the order param- with a single-component order parameter, and the tem- 
eter, their sign being that of attraction. Despite the perature and field dependences of the thermodynamic 
appearance of the new type of interaction, a second- quantities below T, and in an external field. 
order phase transition takes place in such systems as  
before, and scale invariance is present with critical ex- 
ponents that differ from the critical exponents of the 
"pure" system. There is no doubt that one of the 
most interesting is the case of impurity systems with 
single -component order parameter, examples of which 
are Ising's 4-dimensional impurity model with short- 
range exchange forces, or  a three-dimensional impurity 
easy-axis ferromagnet (ferroelectric) with dipole inter- 
action. lS5' The interest in these systems i s  due to sev- 
eral factors. First, the renormalization-group equa- 
tions for them can be solved exactly, so that the singu- 
larities of the thermodynamic quantities at the phase- 
transition point can be determined exactly; second, 
as shown inc5', these singularities (above T, in a zero 
external field) contain besides powers of t and lnt (here 
(t = T,)/T,) also the unusual factor exd-(D I lnt l )I/?, 

where D is a certain number (see below). Finally, the 
conclusions of the theory can be verified experimentally 
on impurity easy-axis ferromagnets (ferroelectrics), 
e. g., LiTbF,, ''I with nonmagnetic atoms as impurities. 

To make the exposition clearer, we describe first the 
general procedure for the analysis of impurity systems 
(the effective-Hamiltonian method) and the necessary 
relations obtained for the region above T, inLs1; this is 
followed by a derivation of the equation of state in th$ 
spirit of the known paper of Larkin and ~hrnel'nitskii~'] 
and an examination of its consequences. In the conclu- 
sion we discuss the possibility of an experimental ver- 
ification. 

The Hamiltonian of Ising's 4-dimensional impurity 
model is 

where $(x) - n(x) - (n(x)) i s  a random variable describing 
the local fluctuations of the temperature in the average- 
field approximation, n(x) i s  the impurity density, and yo 

is a linear function of the temperature. 

For a given impurity configuration, the free energy is 
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