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The influence of gas impurities on the electronic properties of amorphous and crystalline vanadium films is 
investigated. The superconducting temperature T, of "bulky" pure amorphous vanadium is much lower 
than that of crystalline vanadium and is estimated at -3.4 K. Numerical estimates show that amorphous 
vanadium has a density of states on the Fermi surface lower by about 2.5 times than the stable crystalline 
phase. The upper critical magnetic field of pure amorphous vanadium (as T+O K) is given by the 
expression Bd=: 1.2Tc b .  The gas impurities decrease the electron mean free path, lower the temperature of 
the superconducting transition, and increase Bm of both amorphous and crystalline vanadium. 

PACS numbers: 74.10. + v, 74.30.Gn, 74.70.Lp, 73.60.Ka 

1. INTRODUCTION 

It is known that condensation of vanadium vapor in 
high vacuum on a substrate cooled with liquid helium 
leads to formation of a new modification of this met- 
al. [ l3 Preliminary electron-diffraction investiga- 
tionsc2] have shown that this modification has a com- 
pletely disordered amorphous structure. The elec- 
tronic properties of the amorphous phase of vanadium- 
superconductivity, Hall effect, magnetoresistance-have 
been for  the most part investigated. [33 It was shown, 
in particular, that crystallization of amorphous vandium 
films is accompanied by a substantial r ise in their 
superconducting temperature T,. Amorphous vandium 
exhibits an anomalous temperature dependence of the 
critical magnetic field H ,  (directed perpendicular to 
the film surface) : 

H,, is the value of H ,  at  T = O  K and exceeds 50 kOe. It 
was also found that in contrast to most amorphous and 
liquid  metal^[^*^] the amorphous modification of vana- 
dium i s  characterized by a positive Hall coefficient. 

The present study is a continuation of earlier in- 
v e s t i g a t i o n ~ ~ ~ ~  of the properties of low-temperature 
condensates of vanadium. We consider the effect of 
impurities on the electronic (and particularly super- 
conducting) properties of amorphous vanadium, and 
attempt to explain qualitatively the reasons why its 
superconducting characteristics differ from those of 
the stable crystalline phase. 

2. PROCEDURE 

The procedure used to obtain and investigate films 
condensed in ultrahigh vacuum on a substrate cooled 
by liquid helium was described earlier.  C63 Prior to the 
condensation of the films, the vacuum in the working 
ampuls corresponded to a pressure -10'12 mm Hg. The 
vanadium evaporators were made of purified tungsten 
wire. Despite the preliminary outgassing of the evap- 
orator and of the charge, the vacuum conditions in the 
ampul deteriorated during the evaporation because hy- 
drogen was released from the tungsten. It appears that 
hydrogen and helium (assuming microleakage to take 
place into the ampul) a r e  the main impurities that land 

in the film in the course of condensation. The partial 
pressure of the remaining gases a t  T = 4.2 K is negligi- 
bly small, and the purity of the original vanadium is 
high enough (-99.99%). In the present study we as- 
sessed the degree of contamination of the film from the 
ratio of their resistance R,, a t  room temperature t o  
the residual resistance R,, . The purest sample investi- 
gated before LS3 and in the present study had a ratio 
R,~,/R,, = 3-4. Comparison with results by others 
(seecs1) show that these film samples can contain -0.2 
at. % of gas impurities. Another purity criterion of the 
investigated films was their resistivity in both the am- 
orphous and the crystalline state. The film thickness 
was determined by an electric method.c71 Additional 
control was by interferometry with the aid of the op- 
tical-density method. The thickness, the resistivity, 
and the Hall constant of the investigated films were 
determined accurate to 45-20%. 

The magnetic field was produced with a supercon- 
ducting solenoid rated 40 kOe. The film plane was 
perpendicular to the field direction. 

3. EXPERIMENTAL RESULTS 

A. Resistivity and Hall effect 

As shown earlierc3], the resistivity of pure amor- 
phous vanadium films, p, is -200 x S2-m and re- 
mains practically c o ~ s t a n t  in the investigated thickness 
interval, d= 20-300A. The Hall coefficient R, of such 
films is +O. 8 x 10'1° m3/c. Contaminated (presumably 
with helium and hydrogen) amorphous vanadium films 
have a higher resistivity and a larger (absolute) value 
of the Hall constant (Table I). 

As seen from Table I, films with large resistivity 
have a higher temperature of transition to the crystal- 
line state T,,. This only confirms the general rulec6] 
that the impurities stabilize the amorphous modifica- 
tions of metals. 

In analogy with other amorphous metals, arnor- 
phous vanadium films a re  characterized by a negative 
temperature coefficient of resistivity (TCR) P (Fig. 
1, curve 1). Heating to the midpoint of the a -c tran- 
sition" leads to appearance of a minimum on the R(T) 
curve, due to the competition of the phases with pos- 
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TABLE I. Electronic character- 
istics of amorphous vanadium 
films in the normal state. 

itive and negative TCR (Fig. 1, curve 2). Finally, 
after a complete transformation of the amorphous 
phase of vanadium into the crystalline phase, a posi- 
tive TCR is observed (Fig. 1, curve 3). The resis- 
tivity of the pure films decreases in this case to (20- 
25 x 10'~ Cd-m, and the Hall coefficient approaches 
the bulk-metal value. At room temperature the re- 
sistivity p,,, . of pure crystalline films is - (35-40) 
x SZ-m, much higher than the resistivity of bulk 
vanadium. This is evidence of a large number of 
structure defects. To eliminate the lattice defects 
and the s t resses  produced in the a - c transition, 
annealing at higher temperature is necessary. 

It should be noted that, in contrast to the resistivity 
and the Hall coefficient, the TCR of amorphous vana- 
dium films is not very sensitive to their purity (see 
Table I). The Hall coefficient of amorphous films in 
the temperature region of their existence (T <T,,) is 
practically independent of temperature (within 4%). 

B. Superconducting temperature 

It follows from the earlierc3] brief survey of the ex- 
perimental research on the superconductivity of vana- 
dium in i ts  stable modification, this metal is extremely 
sensitive to impurities. Both metallic and gaseous im- 
purities lower greatly i t s  superconducting temperature. 
The existing investigations of amorphous vanadium 
films also attest the decrease of T, with increasing 
impurity content. Thus, for films condensed on a cold 
substrate in a vacuum of -10" mm Hg, the value of T, 
of a hypothetical amorphous layer of "of infinite thick- 
ness" i s  estimated at 2.5 K. c91 At the same time, 
films obtained in the best vFcuum have T,= 3 K al- 
ready at a thickness - 300 A. L31 

We have investigated the superconductivity of amor- 
phous vanadium films of varying purity (Fig. 2). Each 

FIG. 1. Temperature dependence of the relative resistance 
R / R ~ , ,  (RISK is the resistance at T=15K) for a vanadium 
film -60 A thick: 1-amorphous state, 2-mixture of amor- 
phous and crystalline phases. 3-crystalline state. 

FIG. 2. Plot of T, against 
the thickness of amor- 
phous vanadium films of 
varying purity: 1-pure 
films, 2-films contam- 
inated by hydrogen. 

of the plots of T, against l /d  in this figure was ob- 
tained in a single experiment by successively adding- 
on material and measuring T, after each additional eva- 
poration. The intermediate thicknesses were deter- 
mined from the condensation time. Plot 1 was con- 
structed for films obtained from a thoroughly outgassed 
evaporator. Curve 2 characterizes T, of films con- 
taminated presumably by hydrogen. The resistivities 
of the amorphous films in the two cases were - 190 
X and -250 X SZ-m, respectively. The thick- 
es t  film has R,,, ,/R,. values -3.6 and -2, respectiv- 
ely. Since the plots of T, against l /d  ino Fig. 2 a re  
straight lines a t  thicknesses above 100 A, extrapolation 
of these lines to the ordinate axis yields the "bulk" val- 
ue Tt of the amorphous modification of vanadium. In 
the case of the purest films (curve 1) T: = 3.4 K; for the 
"dirty" variant (curve 2) T i =  2.3 K. Immediately after 
heating to the crystalline state, the superconducting 
temperature of vanadium r i s f s  and reaches 4.5 K for 
the purest films of 400-500 A thickness. This i s  0.9 K 
lower than T, of pure bulky vanadium. Such a differ- 
ence is attributed to the presence of the aforementioned 
strong distortions of the lattice and to the relatively 
small thickness of the investigated films. In addition, 
the purity of even the best of the investigated samples 
was apparently not better than 99.7-99.8%. For all 
that, high temperature annealing under ultrahigh vac- 
uum conditions would obviously lead to an appreciable 
rise of T, of the crystalline films investigated in this 
study. The employed procedure, however, does not 
afford such a possibility. 

Moreover, the ultrahigh vacuum is maintained in the 
working ampul only s o  long as the ampul is in the liquid 
helium. When heated to room temperature, the pres- 
sure of the residual gases in the ampul increases at 
least to the value i t  had when sealed off from the vac- 
uum unit mm Hg). The ternperatures.T., of films 
heated to room temperature decreased by several 
tenths of a degree compared with the superconducting 
temperature measured immediately after the a-c  
transition (Fig. 3). The possible assumption that this 
behavior is due to partial oxidation of the film i s  appar- 
ently inconsistent. Control experiments in which the 
samples were rapidly heated to room temperature when 
the lower part of the ampul was in liquid helium, s o  that ' 
the partial pressure of the oxygen was negligibly small, 
revealed a similar decrease AT, of the superconducting 
temperature. The decrease of T, was accompanied as 
a rule by an increase Ap from the value p6 immediat- 
ly after the a - c  transition. The Hall coefficient (at 
T = 6 K) decreased somewhat in the course of the addi- 
tional heating of the film after the a - c transition (by 
an amount All,), o r  else remained unchanged. Table 
I1 lists the changes of the indicated characteristics fo r  
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FIG. 3. Superconducting transition curves of vanadium film 
-70 A thick: 1-amorphous state, 2 and 3-crystalline state 
after heating to T = 300 K and T= T, , , , respectively. 

several crystalline vanadium films in the course of 
their heating from the crystallization temperature to 
T = 300 K. 

Since only helium and hydrogen have a noticeable 
vapor tension at 4.2 K, i t  can be assumed that the de- 
crease of T, and the increase of the resistivity of the 
films a s  they are  heated are  due to absorption of these 
gases by the film. Since the partial pressure of helium 
in the ampul i s  small in the absence of leakage (-10'12 
mm Hg), the most probable i s  the absorption, by the 
films, of the hydrogen released from the tungsten wire 
in the course of the evaporation. Nor can we exclude 
the diffusion of the gases from the glass substrate into 
the films. It must be noted that the described behavior 
of T, in the coyrse of heating was okserved only for thin 
films (d < 300 A). Layers 400- 500 A thick underwent 
no change of the superconducting temperature when 
heated to room temperature. 

C. Critical magnetic field 

As noted above, the temperature dependence of the 
critical magnetic field of amorphous vanadium films 
is satisfactorily described by a cubic law (see the 
Introduction). Regardless of the thickness (at least 
in the interval 140 i < d < 3 0 0  A) films of like purity 
have the same value of H,,. c33 Further investigations 
have shown, however, that the impurities increase the 
critical magnetic field substantially. Figure 4 shows 
plots of the magnetic-field induction B, against 
(T/T,)~ for three amorphous vanadium films of differ- 
ent purity. It is seen that the smaller the ratio RSo0 K/ 

Rs K, i. e .  , the "dirtier" the films, the larger 
l d ~ , J d ~  I r, and B,,. Heating to a temperature above 
the crystallization temperature T,, , decreases these 
magnetic-field parameters (Fig. 5, curve 2). After 

TABLE 11. Change of the elec- 
tronic characteristics of crystal- 
line vanadium films when heated 
from T= T, ,, to T= 300 K. 

V-7 1m1 't 1 0  1 o l -  
*The asterisks mark the films 

heated to room temperature in 
ultrahigh vacuum. 

FIG. 4. Magnetic field induction vs. the relative temperature 
for amorphous vanadium films of varying purity (d= 200 
- 300 A). The ratio R~~~ K / ~ 6  for curves, I, 2, and 3 is 2.4, 
2.8, and 3.3, respectively. 

heating to room temperature, B,, decreases even more 
(Fig. 5, curve 3).  The form of the temperature de- 
pendence of BcL of annealed films differs from that of 
amorphous vanadium. The value of B, varies with the 
temperature linearly near T,, and at lower tempera- 
tures the dependence comes closer to quadratic: 

The increase of the impurity content increases 
I dB,,,/dT I Tc and Bco substantially not only in amor- 
phous crystalline vanadium filr~.:, but also in those 
heated to room temperature. The dependence of the 
critical field on the temperature remains close to 
quadratic in this case. 

4. DISCUSSION OF RESULTS 

A. Electric properties 

Amorphous metals have as a rule a structure simi- 
lar to the structure of their This is ob- 
viously the reason why the resistivities of amorphous 
metals a re  close to those of the corresponding liquid 
metals. c 4 ~ 8 ~ 1 1 1  Although we have no data on the elec- 
t r i c  conductivity of molten vanadium, i t  appears that 
this metal is likewise no exception from the general 
rule. At any rate, a rough calculation shows that p of 
pure amorphous films (-200 x a -m) .  

According to present-day concepts, C53 the negative 
TCR in liquid o r  amorphous conductors can be due to 
"hopping" conductivity effected by thermally activated 

FIG. 5. Temperature dependence of the induction of the criti- 
cal magnetic field for a vanadium film -250A thick: l-amor- 
phous state, 2 and 3-crystalline state after heating to T= T,, , 
and T =  300 K, respectively. 
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hops of the electrons from one localized state to ano- 
ther. In the case of amorphous vanadium this mechan- 
ism has low probability, since the observed conducti- 
vity of the amorphous films is quite high. However, as 
noted by Mott and Davis, [51 a small negative coefficient 
of resistivity does not necessarily mean hopping con- 
ductivity. The point is that fluctuations of the density 
o r  of the coordination number should produce in the 
amorphous or liquid metal a small number of deep po- 
tential wells, in which the states a re  localized. Lo- 
calized states are  separated from the non-localized 
ones by a critical energy E,. If the scattering de- 
creases rapidly with increasing energy, as can happen 
if the Fermi energy is close to E, on the side of the 
nonlocalized states, then one should expect the conduc- 
tivity to increase with increasing temperature. It 
appears that i t  is this mechanism which explains the 
negative TCR of amorphous metals and alloys with 
large resistivities. 

The simplest explanation of the positive Hall coeffi- 
cient in liquid and amorphous metals is based on the 
assumption that the energy E has a parabolic depen- 
dence on the wave vector k, with a negative effective 
(hole) carr ier  mass independent of k. In this case R,  
is determined by the formula of the theory of free elec- 
trons and has a positive sign. But the physical meaning 
of such holes in an amorphous or  liquid metal is not 
clear. The existing more rigorous analyses have qual- 
itative character and they a r e  extremely difficult to 
verify e~perimentally.~'~'  

B. Superconductivity 

The experimental dependence of the upper critical 
field on temperature, obtained in the present study, and 
the resistivity of the investigated vanadium films, make 
i t  possible to obtain numerical estimates for a number 
of important electronic parameters of the amorphous 
modification of this metal. Both amorphous and cryst- 
talline vanadium films are  characterized by a small 
mean free path I at  low temperature. Even for pure 
crystalline films, the relation I << to is satisfied, Li3*i41 

where 5 ,  = 0. 18tiv,/k,Tc is the coherence length for 
pure bulk metal, vF is the electron velocity on the 
Fermi surface, K, is the Boltzmann constant, and T, 
is the super conducting temperature. 

Here B, is the induction of the upper critical field, Btd 
is the induction of the thermodynamic critical magnetic 
field, X is the penetration depth, a, = h/2e = 2.07. 10'15, 
~ - m ~  is the flux quantum, and x is the Ginzburg- 
Landau parameter. 

Using the relationti6] 

we can rewrite (1) in the form 

Near the critical temperature, the function [(T) is 
given by 

In accord with the BCS theory we can write in the 
limit I << [0 t i7]  

It follows from (3) and (4) that 

Using this relation, we can estimate from the ex- 
perimental relations B,(T/T,) (Fig. 5) the coherence 
length [(O) for the amorphous and crystalline vanadium 
films investigated in the present study. We choose for 
this purpose the values of [(O) such that the B,, cal- 
culated from (6) agree best with the experimental curve 
near T,. Table I11 gives the coherence lengths ob- 
tained in this manner for two investigated vanadium 
films in the amorphous and crystalline states. The 
value of [(O) for amorphous vanadium is - 50-60 A, 
which is close to the coherence length of amorphous 
bismuth.Li81 Assuming 5 ,  = 450 A, L191, we can estimate 
from (5) the electron mean free path i? crystalline 
vanadium films. It is equal to 25-35 A (Table 11). The 
mean free path calculated for these films from the :e- 
lation p l =  3.5 x S1-cm2 amounts to 20-25 A, 
in satisfactory agreement with the values of I estimated 

It is known that the properties of superconductors from 5, and [(0).- It is difficult to estimate I for amor- 
with such small mean free paths can be described by phous vanadium [from (5)] because 5 ,  cannot be correc- 
the Ginzburg-Landau-Abrikosov-Gor'kov theory. tly determined in this case. It is known that 5, - v,/T,, 
 inkh ham^^^^ derived on the basis of this theory an ex- and although T, is known for both vanadium phases, i t  
pression for a magnetic field perpendicular to a thin is difficult to assess  the extent to which their electron 
film: velocities on the Fermi surface differ. It can only be 

TABLE III. Experimental and calculated electronic parameters of 
vanadium films in the amorphous and crystalline states. 

. . 

*A-amorphous phase. 

**C-crystalline phase. 
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started with a s y r a n c e  that in amorphous vanadium, 
at most, 1 <20 A, so  that decreasing the film thickness 
to this value produces practically no increase of p.  In 
addition, since it can be assumed that pl is constant 
also for amorphous vanadium, contaminated films, 
whose resistivity is larger,  have a smaller electron 
mean free path. 

Of the many hitherto investigated amorphous tran- 
sition metals, '201 only V, Nb, and Ta  have a super- 
conducting temperature lower than in the crystal- 
line state. Crow et al .  have shownc211 that such a 
behavior of these metals can be qualitatively attributed 
to a decrease of the density of the states on the Fermi 
surface because of the decreased mean free path in the 
amorphous state. The Fermi level of bulky V, Nb, and 
Ta is on the "top" of the energy distribution of the den- 
sity of the electronic states.  Formation of the amor- 
phous phase should cause a "smearing" of this curve 
and by the same token a shift of the Fermi  level towards 
lower state densities. The result should be a lowering 
of the critical temperature compared with the bulk 
metal. On the contrary, transition metals that are  
characterized in the equilibrium state by a low density 
of the electronic states (w, Mo, and others) should have 
in the amorphous state a higher state density on the 
Fermi surface and a higher T,. The state density 
N(0) (in the case Z << 5,) is easiest to estimate from the 
initial slope of the upper critical field as a function 
of the temperature, and from the resistivity. c'3*223 

From the microscopic theory developed by Gor'kov 
for weakly bound superconductors in a magnetic 
fieldcZ3l i t  follows that the density of the electron states 
on the Fermi surface (with account taken of the two 
spin directions) i s  given bycz2] 

where e i s  the electron charge and Bc2 = BcL according 
toC1sJ. Crystalline vanadium is a weakly bound super- 
conductorc181 and formula (7) is therefore valid for the 
crystalline films investigated here. In the case of 
tight o r  intermediate binding i t  is necessary to intro- 
duce in the denominator of the right-hand side of (7) a 
certain coefficient q of the order of unity. c241 We have 
no data to indicate whether amorphous vanadium is a 
tightly o r  weakly bound superconductor. Calculations 
performed for tightly bound amorphous superconduc- 
tors, E251 however, yielded for q a value 1.0 *0.05. 
We have therefore used (7) also for the calculation of 
the state density in amorphous vanadium. The results 
of the calculations are  shown in Table 111, from which 
i t  follows that the state density for amorphous vana- 
dium is smaller by approximately a factor 2.5 than 
that of crystalline vanadium. The latter agrees 
satisfactorily with results obtained by others for 
crystalline x vanadium films and with the state density 
calculated from the electronic component of the heat 
capacity for the bulk metalc131 (with allowance for the 
spin directions). Thus, although the coefficient q has 
been neglected in (1) despite i t s  known value, i t  is 
quite obvious that the density of states in the amor- 
phous modification is substantially lower than in the 
crystalline one. This is apparently also in agreement 

with the main reason suggested by Crow et a1.1211 for 
the decrease of T, in the amorphous modification of 
vanadium. 

It follows, however, from the expression proposed 
by the BCS theory for Tc that the obtained difference 
between the state densities of amorphous and crystal- 
line vanadium should lead to a much lower supercon- 
ducting temperature of the amorphous state than ob- 
served in the experiment. This disparity can be ex- 
plained by assuming that the constant that character- 
izes the electron-phonon interaction is much larger 
for the amorphous vanadium than for the crystalline 
one. It appears that this assumption is correct, since 
all the hitherto investigated amorphous superconduc- 
tors  have a strong electron-phonon interaction. C41 

It was noted earl ierc3] that the dependence of the 
upper critical magnetic field on the relative tempera- 
ture for amorphous vanadium films of varying thickness 
(but of equal purity) is described by the same single 
curve. It follows from (5) and (6) that this i s  due to 
the equality of the electron mean free paths in such 
films. Contamination of the films by foreign atoms 
decreases the mean free path and increases the mag- 
netic field (Fig. 4). 

~ l o ~ s t o n [ ~ ~ ~  has proposed that the maximum of the 
field is determined by the condition that the energy, 
in the magnetic field, of the spins of the electrons con- 
stituting the Cooper pair be equal to the binding energy 
of the pair 

( p  = 9.27 x A- m2 is the Bohr magnton) , i. e . , Bco - 1. 5Tc. (B, is expressed here in tesla units and T, 
in degrees Kelvin. ) Gor' kov has shown[271 that fields of 
this order of magnitude are  obtained if i t  is assumed 
that the mean free path becomes comparable with the 
interatomic distances. An estimate Bco = 1.2T: is ob- 
tained for hypothetical pure amorphous vanadium in 
bulk form, having Tt = 3.4 K and p = 190 x O-cm 
(see Fig. 2). Decreasing the mean free path by in- 
troducing impurities increases the coefficient of Tt, 
and for films with p = 250 x P-cm we already have 

It appears that decreasing the electron mean free 
path in amorphous vanadium films to the limit can lead 
to further increase of the ratio B,,/T;. This fact, to- 
gether with experimental results  of (who 
obtained Bco/Tc* 3-6), casts doubts on Clogston's in- 
terpretation of the paramagnetic limitation, c261 accord- 
ing to which the limiting value of Bco/Tc is 1.84. 
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An investigation was made of the features of the luminescence spectra ZnTe and Zn,Cd,,Te crystals at 
low rates of resonant pumping with sources of half-width AR much smaller than the natural exciton-level 
width y. An analysis of the polarization and energy correlations between the structure of the observed 
emission spectra and the excitation photons yielded information on the longitudinal and transverse 
relaxation times. The problem of the relationship between resonance Raman scattering and luminescence 
was considered from the point of view of the relaxation theory. it  was found that for AR<y there was a 
possibility of a change from the resonance Raman scattering to the usual thermalii  luminescence via 
various stages of hot luminescmce. 
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1. INTRODUCTION 

In s tudies  of radiative recombination i n  c r y s t a l s  un- 
d e r  resonance excitation conditions much attention is 
usually given to the  question of the relationship between 
resonance Raman sca t te r ing  and hot and ord inary  lum- 
i n e s ~ e n c e . " ' ~ ~  Recently, th i s  relationship h a s  become 
part icular ly important  because its studies  may  solve one 
of the most  difficult problems i n  the phjrsics of in te r -  
acting excitons , which is the experimental  real izat ion 
of the Bose-Einstein condensation. 

If we follow the  Heit ler  theory of resonance f luores  - 
cence,C3] we find that luminescence can  be  obtained on- 
ly  if we u s e  a s o u r c e  whose excitation band is of half- 
width AS2 7 Y ,  where  y is the natural  width of a n  elec- 
t r o n  (exciton, biexciton) level. In the opposite case, 
i.e., f o r  A n <  y,  the s t r u c t u r e  of the s p e c t r a  should b e  
governed by the light sca t te r ing  processes .  Nagasawa 

et UZ. '~ '  investigated only the cor re la t ion  between the 
luminescence s p e c t r a  and the excitation photons f r o m  a 
tunable laser, and they concluded that  th i s  behavior  w a s  
exhibited by the i r  CuCl c r y s t a l s  in the case of two-pho- 
ton resonance excitation of the biexciton energy band. 

However, the validity of the Heit ler  resultsc3' i n  the 
c a s e  of a n  exciton s y s t e m  is not self-evident and these  
resu l t s  may b e  even incor rec t  because in sol ids  t h e r e  is 
a possibility of going over  f r o m  light sca t te r ing  p r o c e s -  
ses to luminescence f o r  any nonzero value of A!2 s m a l -  
ler than y  and th i s  c a n  occur  as follows. During a t i m e  
interval y-I t h e r e  exist sca t te r ing  complexes fo r  which 
the absorption and luminescence p r o c e s s e s  are, i n  
principle, i n d i ~ t i n ~ u i s h a b l e . ~ ~ ]  The  luminescence ap-  
pearing before the completion of the relaxat ion p r o -  
cesses is known as the hot luminescence. T h e  ordinary 
luminescence is the radiation which appears  a f te r  the 
relaxation is complete. It  thus follows f r o m  Toyozawa's 
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