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Electron properties of amorphic and crystalline ytterbium 
films 
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The electron properties (electric conductivity, magnetoresistance and Hall effect) of amorphous and 
crystalline ytterbium films are investigated at low temperatures. Some peculiarities are observed, 
especially a reduction of the resistivity of amorphous Yb films with decrease of their thickness. 
Information is obtained regarding the number of carriers, and their mobility and mean free path in the 
films. The differences in the properties of amorphous and crystalline Yb are ascribed to a shift of the 
conduction band relative to the valence band. 

PACS numbers: 73.60.Fw 

1. INTRODUCTION 

The last 10-15 years have seen an intensive develop
ment of experimental and theoretical investigations of 
noncrystalline substances, particularly amorphous met
als and alloys. [l) These new metallic modifications fre
quently exhibit interesting and unexpected physical prop
erties, such as superconductivity of the amorphous 
films of Bi, Ga, and Be. [2,3) This, however, is not the 
only reason for interest in amorphous metals. A quan
tum-mechanical explanation of the electronic properties 
of metals and semiconductors, which was based on 
periodicity of the potential, on the presence of long
range order in the arrangement of the atoms, is recent
ly being substantially reconsidered. [4,5) It appears that 
not the long-range order but the short-range order is 
responsible for the main electronic properties. The ex
perimental data on the properties of amorphous metals 
are extremely scanty. 

We report here a comprehensive investigation of the 
electric and galvanomagnetic properties of low-tempera
ture films of a rare-earth metal, ytterbium, both in 
the amorphous and in the crystalline state. It was ob
served earlier[S) that condensation of ytterbium vapor 
in ultrahigh vacuum on a substrate cooled with liquid 
helium leads to the formation of a new modification of 
this metal. It was shown by electron diffractionl ) that 
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the low-temperature modification of ytterbium is an 
amorphous state. Amorphous ytterbium films are meta
stable and undergo an irreversible transition into the 
crystalline states (a-c transitions) when heated to a 
definite temperature Ttr and when they reach a critical 
thickness dcr in the course of the condensation. 

The value of dcr obtained in preliminary investiga
tions[S) was - 3000 A. It is known, however, [1) that im
purities greatly increase the stability of amorphous 
metallic films, increasing both their crystallization 
temperature and their critical thickness. The value of 
dcr for the purest ytterbium films obtained recently is 
500-1000 A. (7) It has also been shown[7,8) that the crys
tallization temperature of amorphous ytterbium films 
increases in accordance with a hyperbOlic law with de
crease of their thickness. Ttr of subcritical thickness 
is apprOximately 14 "K. The amorphous ytterbium lay
ers whose thickness is smaller by several percent than 
critical undergo an a-c transition also when a magnetic 
field of definite intensity is applied perpendicular to the 
layer. [9) 

In this paper we report an investigation of the elec
tronic properties of amorphous Yb films in the interval 
of thicknesses, temperatures, and fields that limit their 
stability. 

Copyright © 1977 American Institute of Physics 786 



2. PROCEDURE 

Amorphous ytterbium films were obtained by conden
sation in ultrahigh vacuum (_10'12 mm Hg) on glass sub
strates cooled with liquid helium, using a procedure de
scribed earlier. [7,10] The rate of condensation was 
from 3 to 200 A/min. Variation of the rate of conden
sation within these limits did not influence the results. 
The initial material was ytterbium of 99.7% purity. 
The impurities (in percents) were: erbium-0.02; lute
cium,,;: 1XlO'2; calcium-0.05; iron <0.01; copper <5 
x lO's; tantalum-0.2. The ratio of the resistance at 
room temperature R (293 "K) to the resistance at liquid 
helium temperature R (4.2 "K) of the initial ytterbium 
annealed in vacuum was of the order of seven. The 
same ratio for the investigated films with thickness less 
than 1000 A was on the average 2.5-3. The electric 
resistance and the Hall coefficients were measured by a 
potentiometer method using a Six-probe scheme and an 
R-348 potentiometer. The magnetic field for the galva
nomagnetic investigations was produced by a supercon
ducting solenoid. When the films were heated, the tem
perature was determined with the aid of a platinum ther
mometer. Special experiments have shown[7] that when 
condensed on a glass substrate cooled with liquid heli
um the temperature of the ytterbium films did not ex
ceed 5 oK. The film thickness was determined by inter
ferometry or from the optical density. [11] The thick
ness was determined accurate to 15-20%. This in the 
main is the cause of the scatter in the determination of 
the resistivity p and of the Hall coefficient RH for dif
ferent films. The error in the determination of p is 
due, in addition, to the uncertainty in the width of the 
film (owing to the presence of thinner wedge-like edges). 

3. EXPERIMENTAL RESULTS 

3.1. Resistivity 

The resistivity of both amorphous and crystalline 
ytterbium films depends essentially on their purity. 
For films of equal thickness obtained in different ex
periments, p sometimes differed by a factor of two. It 
is interesting that in this case none of the films had at 
room temperature a resistivity exceeding the value of 
p for the bulky metal, 27 x 10"6 n-cm. This points to a 
negligible contamination of the films. On the other 
hand, the difference in their purity is due obviously to 
the inhomogeneous distribution of the impurities in the 
initial metal. The face-centered cubic modification of 
ytterbium (fcc Yb) is a semimetal [12] and has a low 
carrier density. [1S] It will be shown below that amor
phous ytterbium is an even more typical semimetal. 
This apparently explains also the very high sensitivity 
of the resistivity of ytterbium to an even negligible con
tent of impurity atoms. 

The last circumstance makes it difficult to obtain 
plots of p(d) for the investigated films. However, the 
determination of the resistivity of amorphous films of 
different thicknesses, obtained in a single experiment 
by successive evaporation (with the intermediate thick
nesses calculated from the condensation time) shows 
that p decreases with decreasing thickness. This is il-
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FIG. 1. Dependence of the re
sistivity of amorphous (curve 
1) and crystalline (curve 2) 
ytterbium films on their thick
ness at T = 4.2 OK. 

lustrated by curve 1 of Fig. 1. Curve 2 characterizes 
the p(d) dependence at 4.2 "K for crystallize films 
whose reSistivity corresponds to curve 1 in the amor
phous state. 

At room temperature, the resistivity of crystalline 
ytterbium films of thickness less than 600 A is as a rule 
(15-20) x 10'6 n-cm, which is appreciably lower than 
the value for the bulky metal. This contradicts the data 
obtained by others, [14] who observed an increase of p 

with decreasing thickness of the crystalline ytterbium 
films condensed in a vacuum -10"6 Torr. However, as 
shown recently, [15] thin ytterbium films obtained in such 
a vacuum contain a large number of other phases (YbHu 
Yb20 S)' That the films investigated in[14] were consid
erably contaminated is indicated by the high value of p 
for thick ytterbium layers (- 40x 10'6 n-cm). The re
sistivity of thick (1000-18000 A.) annealed ytterbium 
films investigated in the present study was (25-27) 
x 10'6 n-cm, which agrees with the value of p of the 
bulky metal. 

It should be noted that when discussing the behavior 
of crystalline ytterbium films we have in mind its fcc 
phase. An x-ray analysis of thick ytterbium layers (- 2 
J1.) condensed at low temperatures of the substrate and 
annealed to - 460 "K has revealed that they contain only 
the fcc phase at room temperature. Plots of the tem
perature dependence of the resistivity of such layers in 
the interval 1. 5-460 "K [6] are fully reversible and con
tain no anomalies whatever to indicate the presence of 
phase transition from the fcc modification of ytterbium 
into the hcp modification. [16,17 J The form of the R( T) 
dependence of thin annealed ytterbium films is the same 
as that of thick films. Thus, in the temperature region 
1. 5-460 "K, no signs of the hexagonal modification of Yb 
have been observed in the investigated film. It is pos
sible that this is due to the presence of internal stresses 
in the films. 

A characteristic feature of amorphous ytterbium films 
is the negative temperature coefficient of resistivity 
(TCR). Its absolute value depends on the purity of the 
films-as a rule, at equal film thicknesses, large re
sistivities go with large negative values of the TCR. 
An investigation of amorphous films of different thick
nesses, obtained in the course of a single experiment 
by successive additional eva~ration, has shown that 
the absolute value of their TCR is smaller the thicker 
the film (Fig. 2). In films of below-critical thickness, 
no changes of the resistivity with decreasing tempera
ture were observed in fact. The character of the varia
tion of the resistivity of amorphous ytterbium changes 
with decreasing temperature. From the temperature 
of the start of crystallization down to T = 4-5 "K the plot 
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FIG. 2. Temperature depen
dence of the resistivity of 
amorphoos ytterbium films 

, of thickness 150 A (curve 1) 
and 30 A (curve 2); P(l. 5 °K)_ 

resistivity at T ~ 1. 5 oK. 

of p( T) is a straight line. At lower temperatures it is 
satisfactorily described by an exponential law. The ac
tivation energies calculated in the latter case amount to 
10-6_10-8 eV (depending on the layer thickness and its 
purity). After going over to the crystalline state, all 
the films thicker than 20 A have positive TCR. 

3.2. Magnetoresistance 

The resistivity of crystalline ytterbium films at a 
temperature 4.2 "K increases in a magnetic field per
pendicular to the film like H" (where n"" 2L Such a 
variation of p was observed in the field interval from 
zero to 80 kOe. Amorphous films behave differently. 
In fields up to several kOe, the dependence of the mag
netoresistance on the field is close to quadratic (Fig. 
3). Further increase of the field (at any rate up to 80 
kOe), however, leads to a slowing down of the increase 
in the resistivity-it changes in fields stronger than 15-
20 kOe like H" (where n "" i). The quadratic section on 
the plot of the magnetoresistance against the field in
creases rapidly with increasing temperature, and at T 
"" 10 "K a quadratic dependence is observed up to H"" 14 
kOe (Fig. 3, curve 2). 

Amorphous ytterbium films are characterized by a 
strong dependence of the magnetoresistance on the film 
thickness (Fig. 4). It has turned out here that in con
trast to the resistivity, the magnetoresistance of amor
phous films is much less sensitive to their purity. The 
points on Fig. 4 (curve 1) correspond to samples whose 
resistivity differed sometimes by a factor of two (at 
close thicknesses). Naturally, the entire dependence 
t:.p/ p = f(H) coincides also for different films of equal 
thickness. Figure 4 (curve 2) illustrates the change of 
the magnetoresistance with thickness in a field 4. 5 kOe. 
At H"" 4. 5 kOe, a quadratic dependence of the magneto
resistance on the field is observed for amorphous ytter
bium films in the entire investigated thickness interval. 

2 

o 100 .":')~7 Hi kOc 1 

FIG. 3. Change of the resistivity of ytterbium film -110 A 
thick in a magnetic field at the following temperatures: 
1-4.2 OK, 2-10.3 OK; t:.p = PH - P, PH is the resistivity in a 
magnetic field H, P is the resistivity in the absence of a mag
netic field. 
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FIG. 4. Dependence of the 
magnetoresistance of 
amorphous ytterbium films 
on their thickness at T 
~ 4.2 OK; curve I-H'" 16 
kOe, 2-H '" 4.5 kOe. 

The magnetoresistance of the crystalline ytterbium 
films is so sensitive to their purity and degree of an
nealing, that the scatter of the data for different sam
ples does not make it possible to reveal the form of the 
dependence of the magnetoresistance on the thickness. 
It is clear only that the magnetoresistance decreases 
with decreasing thickness of the crystalline films. 
Thus, whereas for films of thickness - 1000 A the value 
of t:.p/p is (8-10)x 10-3 (at H"" 16 kOe), the films of 
thickness - 20 A have a value of t:.p/p that differs little 
from the value in the amorphous state (- 1 x 10-3). At 
low temperatures « 12 OK) the magnetoresistance of an
nealed ytterbium films remains practically unchanged 
with decreasing temperature (Fig. 5, curve 1). Raising 
the temperature above 12 OK leads to a decrease of the 
magnetoresistance. The temperature dependence of the 
magnetoresistance of thick ytterbium films, just as that 
of a bulky sample, is less strongly pronounced. Thus, 
for an ytterbium layer - 1. 8 jJ. thick the value of t:.p/ p in 
a field - 16 kOe decreases to approximately one-half 
when the temperature is increased from 1. 7 to 25 OK. 

The t:.p/p = f(T) dependence of amorphous ytterbium 
films manifests itself very strongly, especially when 
the temperature is lower than 5"K (Fig. 5, curve 2). 
The growth of the magnetoresistance with decreasing 
temperature is larger the thinner the film. 

3.3. The Hall effect 

The Hall effect was investigated for amorphous and 
crystalline ytterbium films in fields up to 40 kOe. In 
this field interval, the Hall voltage increases linearly 
with increasing fields. In other words, up to 40 kOe 
the Hall constant does not depend on the magnetic field 
for either amorphous or crystalline samples. In the 
temperature region where amorphous ytterbium films 
exist (0 < T< T tr), their Hall coefficients do not depend 
on the temperature (Fig. 6, curve 1). In the a-c tran
sition (in the course of heating) accompanied by a jump
like irreversible decrease of the resistance, a jumplike 
change takes place also in the Hall constant (dashed in 
Fig. 6). As seen from Fig. 6, curve 2, a weak change 

8 

FIG. 5. Temperature de
pendence of the magnetore
sistance for a crystalline 
(curve 1) and amorphous 
(curve 2) ytterbium film of 
thickness 110 A; H'" 16 kOe. 
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FIG. 6. Variation of the Hall coef
ficient with temperature for an ytter
bium film 150 A thick; 1-amorphous 
state, 2-crystalline state;.-heatlng. 
o-cooling. 

of the Hall coefficient is observed in crystalline ytter
bium films in the considered temperature interval. The 
behavior of the Hall coefficient is approximately the 
same at low temperatures also in the case of the initial 
bulky Yb. However, further increase of the tempera
ture (approximately from 10-15 to 80 OK) leads to an ap
preciable decrease of the Hall coefficient, just as in the 
case of the hcp modification of Yb. DB) 

Figure 7b shows the dependence of the Hall coefficient 
on the thickness of amorphous ytterbium films. Just as 
the magnetoresistance, the Hall coefficients of such films 
are much less senstive to their purity than the resis
tivity. The obtained variation of the Hall coefficients 
with thickness is due, in our opinion, to the change in 
the coordination structure of the amorphous ytterbium 
films, Such a change was observed, for example, by 
electron diffraction in amorphous bismuth films. (19) 

For crystalline ytterbium films, the Hall coefficient 
increases smoothly with increasing thickness (Fig. 7a). 
In this case the plot of Rn(d) is a curve with saturation. 
The limit to which the curve tends is -13x 10-10 m 3/C 
(for an ytterbium layer 1. 8 Il thick we have Rn = 12. 6 
x 10-10 m 3/C at T= 4. 2 ~). 

4. DISCUSSION OF RESULTS 

4.1. Crystalline films 

As shown by investigations of the magnetoresistance 
of fcc single crystals of ytterbium in strong fields, (20) 
this metal is compensated, i, e., in terms of the two
band model[21-23] it has equal numbers of mobile elec
trons and holes. It appears that this applies to a full 
extent also to the crystalline ytterbium films investi
gated in the present study. The experimental determina
tion of the values of the electric conductivity, magneto
reSistance, and Hall coefficient makes it possible to 
estimate for such films the number of carriers and their 
mobilities. To this end one solves the system of equa
tions [24,25] 

(1) 

Here (J is the conductivity, n =ne =nh is the number of 
electrons or holes per unit volume; Il. and Ilh are re
spectively the electron and hole mobilities; B is the 
magnetic induction. 

Calculation shows that with increasing thickness of 
the crystalline ytterbium films, from 20 to 1000 A, the 
mobility of the electrons increases from 2 x 10-2 to 4. 5 
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X 10-2 m2/V-sec, while that of the holes increases from 
2 x 10-2 to 5.5 X 10-2 m2 Iv -sec. For thick ytterbrium 
layers, the difference between the electron and hole mo
bilities (toll = Ilh - Ile) increases. The value of toll for a 
layer of thickness 1. 8 Il is - 3 X 10-2 m2 Iv -sec, and for 
the thinnest films (d= 20-30 A) the mobilities of the 
electrons and holes practically coincide. The density 
of the mobile electrons (holes) in crystalline ytterbium 
films 20-1000 A thick varies in the range (0.6-1. 2) 
x 10 21 cm -3; the number of carriers tends to increase 
with decreaSing film thickness. The calculations were 
performed for T = 4. 2~. The data obtained on the num
ber of carriers are in satisfactory agreement with the 
results for bulky fcc Yb [13] (n"" O. 4 x 10 21 cm-3). 

Knowing the number and mobility of the carriers in 
the Yb crystalline films, we can estimate also their av
erage mean free path l. [25] In the case n.=nh=n, the 
expression for 1 takes the form (in the c. m. s. ) 

(2) 

Calculation shows that the mean free path of the car
riers increases with increasing thickness (in the inter
val 20-1000 A) from 400 to 1500 A (at 4.2 OK). 

As noted above, crystalline ytterbium films have an 
anomalously low resistivity at room temperature. The 
galvanomagnetic properties of these films at T - 300 ~ 
were not investigated in the present study. It is there
fore impossible to interpret this result unambiguously. 
However, judging from the electronic properties of 
crystalline ytterbium films at low temperatures, it can 
be assumed that the number of carriers increases in 
thin films (compared with the bulky metals) also at room 
temperature. 

4.2. Amorphous films 

From general considerations, on the basis of only 
the experimental data, one can advance certain hypothe
ses concerning the carriers in amorphous ytterbrium 
films. ThUS, the appreciable increase of the magneto
resistance with decreasing thickness of the amorphous 
films (Fig, 4) or else with decreasing temperature 
(Fig. 5, curve 2) indicate an increase of the carrier 
mobility Il. The relatively weak change of the electric 
conductivity of such films, compared with the increase 
in the magnetoresistance, may be due to the compen
sating decrease of the number of carriers. Qualitative
ly, the same results are obtained by calculation with 
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FIG. 7. Dependence of the Hall 
coefficient of the thickness of 
crystalline (Fig. a) and amor
phous (b) ytterbium films. 
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formulas (1) using the quadratic section of the t::..p/p 
= f(H) curves (Fig. 3). It is natural to assume that the 
equality n6 = n h = n is valid also for amorphous ytterbium. 
The functions n(d) and JJ.(d) calculated (from the average 
values of p-Fig. 1, curve 1, of t::..pp-Fig. 4, curve 2, 
and of RH-Fig. 7b) are shown in Fig. 8. The calcula
tion of JJ. and n for different temperatures shows that JJ. 
increases and n decreases with decreasing film tem
perature. The most significant change takes place when 
the temperature drops below 5 "K. According to Fig. 8, 
in amorphous Yb films of thickness - 1000 A, the con
centration of the mobile electrons (holes) amounts to 
- 10-2 per atom (at T = 4.2 "K). This is approximately 
3-6 times less than in crystalline films. The low con
centration of mobile charges in ytterbium films is qual
itatively confirmed by the strong influence of the im
purities on their electric conductivity. It should be 
noted that the obtained difference between the mobilities 
of the electrons and holes in amorphous ytterbium films 
is very small (tenths of one percent), so that the depen
dence of the mobilities of the electrons and holes on the 
thickness is represented in Fig. 8 by a single JJ.(d) 
curve. For films with negative RH (Fig. 7b), the mo
bility of the electrons exceeds the mobility of the holes 
and, conversely, films in which RH > 0 are characterized 
by a larger hole mobility. 

Table I lists the carrier mean free paths in amor
phous ytterbium films as calculated from formula (2). 

The large value of the carrier mean free path in the 
amorphous metal should apparently cause no surprise. 
'!'hus, in many liquid met~ls (Cu, Au, Ag) the value of 
1 reaches several dozen A, while for Na and K we have 
r ~ 150 A. [26] The structure of amorphous metals and 
alloys is as a rule similar to that of a liquid, [27,28] but 
the degree of order in them is somewhat greater than in 
melts. It appears that a carrier mean free path on the 
order of several interatomic distances is typical also of 
other amorphous metals. 

As is well known, [24,25] in galvanomagnetic investiga
tion magnetic fields are regarded as "weak" if the in
equality JJ.B« 1 is satisfied, and for "strong" fields we 
have /lB» 1. It is easy to calculate that "medium" 
fields (JJ.B - 1) for amorphous ytterbium films are of the 
order of 600 kOe. Thus, the galvanomagnetic proper
ties of amorphous ytterbium films were investigated in 
weak fields. According to the theoretical concepts and 
the experimental data, [24,25] a quadratic field dependence 
of the metal resistance should be observed in weak 
fields for all metals. At the present time it is impos
sible to offer an unambiguous explanation of the anom
alous behavior of the function t::..p/p=f(H) of amorphous 
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ytterbium (Fig. 3). The deviations from the quaaratic 
variation of the magnetoresistance in weak fields may 
be due to the influence of the scattering of the conduc
tion electrons by local magnetic moments caused by the 
small admixture of Fe atoms[29J (as already noted, the 
original ytterbium contained <0.01% Fe). In crystal
line films, the action of this scattering mechanism is 
apparently negligible against a background of the large 
intrinsic magnetoresistance. We note that for crystal
line ytterbium films 20-30 A thick the t::..p/ p = f(H) de
pendence is the same as for amorphous films. Calcula
tion of the number and mobility of the carriers in very 
thin crystalline films, based on the quadratic segment 
of the t::..p/ p = f(H) curve, gives reasonable values cor
responding to thick crystalline layers of Yb. This in
dicates that Eq. (1) yields for nand JJ. of the amorphous 
ytterbium film correct values if the quadratic segment 
of the t::..p/p=f(H) plot is used. 

However, one cannot exclude the possibility of a 
change of valence upon "amorphization" of the ytter
bium, as is the case, for example, when fcc Yb goes 
over into the hcp modification. [18J In this case a change 
can take place in the relative number of electrons and 
holes, and the calculation by Eq. (1) is no longer valid. 
Nonetheless, the use of the general formulas for the 
two-band model[24,25J gives practically the same carrier 
densities as were obtained under the assumption n. = nh , 

if it is assumed that the electron and hole mobilities in 
amorphous ytterbium are apprOximately equal. The 
last assumption is apparently correct, judging from the 
decrease in the difference between JJ.. and JJ.h with de
creasing mean free path (film thickness) in the crystal
line Yb. 

At any rate, the results cannot be regarded as quan
titative. This is only a very rough apprOximation, 
which makes it possible to explain qualitatively the ex
perimentally observed results. 

In addition, it must be emphasized that if the carrier 
mean free paths in the amorphous and crystalline ytter
bium films are appreciable in comparison with the film 
thickness, the dependence of the electronic parameters 
of these films on their thickness and temperature is ap
parently distorted. All these dependences are the re
sults of superposition of size effects[30] on the change 
in the number and mobility of the carriers. The latter 
can be due to a considerable degree to the possible 
changes of the coordination structure of the amorphous 
metal as the condensed layer becomes thicker. [19J 

It is difficult to say anything definite as yet concerning 
the causes of the negative TCR of amorphous Yb films. 
According to modern notions, the resistance of amor-

TABLE 1. 

d,)!.. T,1\: 7, A 

'to 1.2 300 
3111' 4.2 200 
700 4.2 180 

lOOO 4.2 180 
1.75 500 

150 4.2 200 
10.5 60 
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phous or a liquid metal is determined principally by the 
scattering of the carriers as a result of the disordered 
arrangement of the atoms. [31] It is believed[19,26] that 
the temperature-induced change of the resistance of 
amorphous metals is determined mainly by the tempera
ture-induced structure changes (both irreversible and 
reversible). It appears that these changes lead also to 
the existence of a negative temperature coefficient of 
resistivity in amorphous ytterbium films. It is inter
esting that the increase of the negative TRC with de
creasing film thickness is accompanied by a decrease 
of the resistivity. 

Attention is called to the fact that the TRC of molten 
Yb is also negative, [32] and its reSistivity - 107 x 10-6 

O_cm[32l) is close to the value of p of thick amorphous 
films. 

The electronic properties of amorphous metals are 
frequently analogous to the electronic properties of the 
same metals in the crystalline state under pressure. [33l 
By now, the behavior of Yb with increasing pressure 
has been thoroughly investigated. [13,34-36] It has been 
shown that with increasing pressure the magnetoresis
tance decreases, the Hall constant drops to zero and re
verses Sign, the resistivity decreases, and the TRC 
reverses sign. A comparison of our present data with 
the results of an investigation of crystalline ytterbium 
under pressure shows that the electronic properties (p, 
RH , the sign of TRC) of the amorphous modification of 
ytterbium and of its fcc phase under pressure (p Rj 20 
kbar at T= 293 "K [34,35] or pRj 13 kbar at T= 4.2 "K [34,36]) 
are close to each other. Calculation(13] shows that with 
increasing pressure a decrease takes place in the num
ber of carriers in the fcc Yb (by approximately five 
times at T = 2 "K and p = 13 kbar). As shown above, the 
numbers of the carriers in the amorphous and crystal
line ytterbium films are in approximately the same ra
tio. The reversal of the sign of the Hall coefficient 
(from positive to negative) both in crystalline fcc Yb un
der pressure and in amorphous films with decreasing 
thickness, is due to the increase of the electron mobili
ty relative to the hole mobility. The latter is obviously 
connected with the more appreciable decrease of the ef
fective mass of the d electrons in comparison with the 
small change in the effective mass of the sp holes. [37] 
Thus, just as for other metals, [33l electronic states of 
the amorphous modification of ytterbium and of its fcc 
phase under pressure are identical. It is assumed[34,35l 
that the shift of the 5d band relative to the 5p6s bands 
decreases the overlap of the bands on the Fermi sur
face in the fcc phase of Yb under pressure. A result of 
such a shift is a smooth transition from semimetallic to 
semiconducting properties. A similar shift of the bands 
takes place apparently in amorphous ytterbium. This 
assumption seems plausible, since according to Guba
nov's theory [4] the loss of the long-range order in the 
metal should lead to a certain broadening of the allowed 
energy bands. 

We note in conclusion that some of the features ob
served in the behavior of amorphous ytterbium films in 
the present study, such as: 1) the increase of the con
ductivity with decreasing thickness, 2) the negative tem-
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perature coefficient of resistivity, 3) the deviation of 
the function Ap/p = f(H) from quadratic, a deviation that 
increases with decreasing temperature, and 4) the sharp 
decrease of the magnetoresistance with decreasing 
thickness and temperature, were all observed at low 
temperatures and for films (but not crystalline) of 
another typical semimetal, bismuth. [38l It appears that 
this common behavior is due to the similarity of the 
electronic spectra and of the singularities of the scat
tering of the carriers in the thin-film state of these 
semimetals. 

llThe electron-diffraction investigations were performed at 
the authors' request by Yu. F. Komnik at the PhYSico-tech
nical Institute of Low Temperatures of the Ukrainian Acade
my of Sciences. 
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The electron distribution function at T = 0 is found for a thin metal plate in a "heating" stationary and 
uniform electric field (T is the lattice temperature) in the case in which the "temperature" approximations 
(Kaganov et aI., 1956, 1967) are not satisfied. 

PACS numbers: 72.15.Jf 

1. Attention was called in the work of one of the au
thors [1J to the importance of the study of the effects of 
heating of an electron gas as applied to the analysis of 
the resistive behavior of thin superconducting films, in 
which such a heating is first revealed by the hysteresis 
of the critical current. The temperature dependence of 
this hysteresis was calculated in Ref. 1 in the approxi
mation of two different temperatures for the electrons and 
the lattice[2J and it turned out to be in good agreement 
(for films of In and Sn) with experiment. [3J 

As is well known, the electron-temperature approxi
mation allows us to "bypass" the investigation of the 
kinetic equation for the electron distribution function in 
a strong electric field, and is correct when the criterion 
of thermalization of the electron gas is satisfied: v;,. 
« vee' Here v;,. is the frequency of the energy relaxa
tion of the electrons from phonons and vee is the fre
quency of interelectron collisions. Taking into account 
the well-known estimates 

(here T" is the characteristic energy of the electrons, 
EF is the Fermi energy, aD is the Debye temperature, 
Te« aD), it is easy to see that a rough estimate for the 
electron temperature Te , below which thermalization 
is guaranteed as a result of the interelectron collisions, 
is given by the inequality Te« a~ IE F' For such metals 
as Sn, In, Pb, Nb, the right side of this inequality is 
smaller than or of the order of 1 0 K. At the same time, 
the electron temperature for these superconductors, as 
follows from the results given in Ref. 1, even with a 
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current jc2' is only slightly below critical (apart from 
the dependence on the lattice temperature), i. e., T" 
;::. 3 oK and the thermalization criterion given above is 
obviously not satisfied. Moreover, what has been 
pOinted out above means that precisely the opposite situa
tion is of practical interest for the metals mentioned 
above. In such a case, the role of interelectron col
lisions in the formation of the distribution function of 
hot electrons is of little importance. 

In this connection, the problem arises as to the find
ing of the electron distribution function in "heating" elec
tric field in the absence of interelectron collisions 
generally. In the case of nondegenerate semiconductors, 
the answer to a similar question has already been ob
tained by Davydov. [4J By a significant simplifying cir
cumstance, used in Ref. 4, account was taken of the 
known[5J ineffectiveness of the energy relaxation of the 
electrons from acoustic phonons in semiconductors. 
Therefore, expanding the desired distribution function 
in the collision integral of electrons with phonons in a 
series in the small ratio of the energies of the phonon 
and electron, we can replace the corresponding integral 
operator by a differential one. In metals, however, at 
Te «aD, the energy relaxation is effective and a similar 

. simplification is impossible. 1) Moreover, in contrast 
with the nondegenerate semiconductors, the collision in
tegral of electrons with phonons in a metal contains a 
nonlinearity in the distribution function, associated with 
the necessity of taking into account the Pauli principle. 
The difficulties mentioned (absence of a small parameter 
and the essential nonlinearity of the problem, see Eq. 
(6) below) provide, in our opinion, the reason for the 
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