
system via transitions with change of n. In this case 
the result of applying an electric field will be cooling 
of the level n = 0 below the lattice temperature, and 
heating of the level n =  1.  In the second case the power 
acquired by the lower level from the electric field ex- 
ceeds Q. The steady-state value of the temperature on 
each of the levels is higher than that lattice tempera- 
ture, but the process of establishment of the tempera- 
on the level n =  1 is nonmonotonic. The decreasing sec- 
tion of the T*,(t)  plot is due to slow heating of the lower- 
level electrons and to the associated increase of heat 
transfer from the upper-level electrons. 

The considered mechanism demonstrates the possi- 
bility, in principle, of a nonmonotonic electron-tempera- 
ture variation in a two level system. However, a s  
shown by the numerical estimates, i t  can not yield re-  
sults that a r e  in agreement. The correction that must 
be introduced in the upper-level temperature to ac- 
count for the heating of n = O  level is smaller by two 
orders of magnitude than that observed in experiment. 

CONCLUSION 

Direct measurement of the energy relaxation time by 
a method similar to that used in the present study is 
possible in any compensated metal in the presence of a 
sufficiently strong magnetic field. As seen with bis- 
muth a s  the example, the energy relaxation process can 
be quite complicated, and different ca r r i e r  groups can 
relax with different characteristic times, and even a 
nonrnonotonic time variation of the carr iers  from some 

group is possible. Experiments aimed a t  determining 
the energy relaxation times in metals can define the 
frequency range in which nonlinear effects connected 
with ca r r i e r  heating manifest themselves significantly. 

The authors a r e  sincerely grateful to V. F. Gantmak- 
her  for  helpful discussion and N.V. Yashinkova for pre- 
paring the samples used in this study. 
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Resonant recombination of photoexcited light holes in 
germanium in a magnetic field 

V. F. Gantmakher and V. N. Zverev 
Institute of Solid State Physics, USSR Academy of Sciences 
(Submitted 23 May 1980) 
Zh. Eksp. Teor. Fiz. 79,2291-2301 (December 1980) 

Resonant capture of light holes on the ground and excited acceptor levels, with emission of optical phonons, 
was observed in the study of the photoconductivity of p-Ge in a magnetic field. An analysis of the 
experimental spectra yielded additional data on the energy dependence of the effective masses and g-factors of 
the light holes. It is shown that recombination takes place not from the very bottom of the magnetic subband, 
but from a discrete level separated from this subbband by the Coulomb field of the ionized center. It is shown 
that the cross sections for capture onto the ground and excited levels of the acceptor are of the same order in 
this process. 

PACS numbers: 72.20.1~. 72.20.My, 72.40. + w 

1. INTRODUCTION 

The study of nonradiative carr ier  recombination in 
semiconductors is made difficult by the fact that it is  
usually impossible to observe the elementary recombina- 
tion acts themselves, since the recombination must be 
assessed by analyzing such macroscopic characteris- 
t ics as ,  e.g., the temperature dependence of the elec- 
t r ic  resistivity. One of the recombination processes, 
however, namely carr ier  capture by an ionized center 

with emission of on optical phonon fiw,, can proceed 
in a magnetic field in resonant fashion.'' The resonance 
se ts  in because of singularities that appear in the state 
density in the magnetic subband when the condition 

is satisfied, where En is the energy of the bottom of 
the n-th magnetic subband for the f ree  carr ier  and 
E(" is the energy of one of the carr ier  bound states on 
the impurity center, reckoned from one level. The 
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latter level is best assumed to be the extremum of the 
free-carrier band in the absence of a magnetic field. 
In this case E(') is negative. (For convenience, we 
renumber the E(') levels in order of increasing excita- 
tion energy, assigning the superscript 0 to the ground 
state. The correspondence with the standard notation is 
explained in Table I below.) 

As for the energy En, we have, for example, in the 
quasiclassical approximation 

where n is a sufficiently large interger, y is  a constant, 
ft = e ~ / m c  is the cyclotron frequency, m =(A2/2n)as/aE 
is the cyclotron mass, S is the area of the extremal 
section of the equal-energy surface in k-space, g is the 
effective g-factor, and p =eE/2moc is the Bohr magne- 
ton. 

The En levels go in succession through the energy 
values 

in the quasiclassical limit periodically, in the recipro- 
cal magnetic field scale 

where the period is 

P=2ne/cAS ( E ) ,  (5) 

g* =g(rn/mo) is the reduced g-factor, and m, is the mass 
of the free electron. 

In the experiments described below we have succeeded 
in observing resonant capture of light holes in P-Ge on 
the ground level as  well a s  on several excited acceptor 
levels. The description of the experimental technique is  
contained in the second section of the paper. 

In the third section we identify the obtained resonant 
spectra. The identification i s  made complicated by the 
fact that we do not know beforehand that the spectra a re  
determined just by relation (1), and to determine the 
energy E from the experimentally measured period we 
must know the function S(E) contained in (5). This func- 
tion is linear only in a parabolic band: S, = (2nm/EZ)/E. 
The function S(E), however, was determined earliera 
in the energy interval 40-150 meV by measuring the 
oscillations of the photocurrent in a magnetic field 
under monochromatic impurity excitation. After iden- 
tifying with the aid of this function the resonant series,  
we actually obtained new experimental points on the S(E) 
plot in the heretofore unfilled energy interval 25-40 
meV. Therefore the present study is closely related to 
our earlier one,3 which it supplements. 

TABLE I. 

acceptor IGa) 
Index I s d  I E, me" b- E ~ ~ , ~ . ~ ~ ~  

notation ['I 

The fourth section of the article contains an analysis 
of the results. The topics discussed there can be 
divided into two groups. Fi rs t ,  it i s  possible to obtain 
from the resonant spectra additional data on the spec- 
trum of the light holes in the interior of the band, par- 
ticularly the g(E) dependence for magnetic field direc- 
tions along [I101 and [lll]. Second, the narrowness of 
the resonance lines has made it possible to use in the 
analysis not only the oscillation period (5), but also 
directly the line positions on the magnetic-field scale. 
This has revealed a line shift due to the influence of the 
Coulomb field on the free-carrier spectrum in the 
immediate vicinity of this center. Since the magnetic 
field makes the motion of the free carr iers  finite in the 
plate perpendicular to  H, the carr iers  at the bottom of 
the magnetic subband, whose velocity v, along the field 
is low, turn out to be tied to the center, as  it were. As 
a result, the degeneracy with respect to the orbit cen- 
t e r  is lifted for these carr iers  and discrete levels a r e  
separated from the bottom of the ~ u b b a n d . ~  It is  from 
these, properly speaking, that the capture by the center 
takes place. Third, an analysis of the spectrum leads 
to certain conclusions concerning the processes of re-  
combination with participation of an optical phonon. Of 
greatest interest here is a comparison of the cross sec- 
tions for the capture onto the ground and excited accep- 
tor levels. 

2. TECHNIQUE 

We investigated in the experiments the dependence 
of the derivative B J / ~ H  of the transverse photocurrent 
on the magnetic field H. The measurements were made 
at 1.6 K. Nonequilibrium carr iers  were produced by 
infrared radiation incident on the sample from the upper 
warm parts of the cryostat. The samples of germanium 
doped with gallium [concentration N, = (1-7) x 1014 ~ m - ~ ]  
[as well as  for comparison with boron (NB = 4 x 1014 ern-=) 
and with indium N,, = 1.5 x loi4 ~ m - ~ ]  were plates 0.5-1 
mm thick. The contacts were produced by welding gold 
wire or by fusing-in and In-Ga alloy.5 The distance 
between the contacts was of the order of 1 mm. Since 
the measurements were made in a J L H  geometry, a 
voltage up to 1 V on the sample did not cause noticeable 
heating of the carriers.  The sample was placed in 
superfluid helium at the center of a superconducting 
solenoid that produced a field up to 85 kOe. The light 
pipe was a stainless-steel tube connecting the sample 
holder with the upper flange of the cryostat. To make 
effective use of the light incident on the sample, the 
latter and i ts  holder were placed in a spherical cavity 
with reflecting walls. 

The magnetic field was modulated at 20 Hz a t  an 
approximate amplitude 10Oe. The modulation was by an 
alternating component added to the superconducting- 
solenoid current. A standard amplification and syn- 
chronous detection circuit tuned to the modulation fre- 
quency registered the ac  component of the photocurrent 
J, which was proportional to a ~ / a ~ .  This component 
was plotted either against H o r  against H-' with an x-y 
recorder. To cancel the monotonic part of the H-depen- 
dence of the signal and to increase the amplification 
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FIG. 1. Typical plot of the photocurrent derivative as a func- 
tion of the reciprocal field. Here and in Figs. 4-6 the ger- 
manium is doped of gallium at a concentration 2 x 10" ~ m - ~ ;  
the monotonic component, proportional to H-', was subtract- 
ed from the useful signal (the solid and dashed lower arrows 
correspond to E" ) and E( ), respectively ). 

thereby, a voltage proportional to H-' was applied in 
to the Y coordinate in s e r i e s  with the measurement 
signal. 

3. SPECTRA AND THEIR INTERPRETATION 

Figure 2 shows a plot of a ~ / a ~ ( H - l )  obtained for a 
germanium sample doped with gallium (N,, = 2 x loi4 
cm-') a t  a field direction H 11 [loo]. It shows a large 
number of resonance lines. The relative line width 
determined by the distance AH between the maximum 
and minimum, divided by H,,, , was -1%. This value 
was approximately the same for a l l  the observed 
resonances and was practically independent of the ac-  
ceptor density in the range covered by the employed 
sample. The resonant value H,,, was taken to be the 
average of the fields corresponding to the maximum 
and the minimum. These resonant values did not vary 
from sample from sample within 0.1-0.2%. 

The spectrum shown in Fig. 1 was interpreted in the 
following manner: 

a )  It i s  relatively easy to separate from the entire 
spectrum a s e r i e s  of lines with somewhat la rger  ampli- 
tudes, which constitutes a se t  of pa i rs  of extrema 
periodic in H-'. This s e r i e s  is marked in Fig. 1 by 
arrows under the curve. From the period (5) we 
obtained by formula (5) the value S of the extremal 
intersection of the equal energy surface of the valence 
band with the (100) plane. The dependence on the mag- 
netic-field direction corresponded to the anisotropy of 
the light-hole spectrum. A preliminary estimate based 
on the formula of the parabolic model, using the mass  
of the light holes on the top of the band, shows in this 
case that E i s  of the order of 30 meV. At this energy 
it is already necessary to take into account the devia- 
tion from parabolicity. 

Therefore the entire analysis that follows takes into 
account the results  of Ref. 3, where the deviations from 
parabolicity in the light-hole band were measured. 

FIG. 2. Passage of the levels, ,from which the recombination 
proceeds, through fixed energy levels as the magnetic field 
is varied. Black circles on the ordinate axis-from Refs. 8 
and 9, light circles-present study, triangles-from Ref. 3. 
The numbers on the right label the magnetic subbands in the 
notation of Ref. 8. 

b) Using the S(E) dependence known from Ref. 3, the 
measured value of S was used to determine E, which 
turned out t o  depend on the doping impurity (In, Ga, and 
B, respectively) in the following manner (we show 
in comparison the knownsw7 values of tiw, - IE(')/): 

E, meV 26.4 26.9 27.3 
Hoo-IEcOl 1, meV: 26.1 26.7 27.2 . 

We estimate the accuracy of E a t  1%. The differences 
between the values of E for  the different impurities is 
approximately equal t o  the difference of their ioniza- 
tion energies E ( ' ) , ~  while the absolute values of E agree,  
with the same accuracy 1 8 ,  with relation (3), where 
E(') is taken t o  be the ground-state energy E('! For the 
energy of the optical phonon we use the value tiw, =37.8 
meV from Ref. 7. For gallium-doped samples this 
procedure was employed for  three  orientations of H, 
[100], [110], and [ill], and E is the average of the 
three  obtained values. For boron- and indium-doped 
samples,  the measurements were made only a t  H [loo]. 

The separated se r i e s  of resonance lines i s  thus due 
to  resonant capture of nonequilibrium light holes in the 
ground s ta te  of the acceptor, with emission of an 
optical phonon. The numbers above the arrows in Fig. 
1 a r e  the indices of the light-hole Landau levels in the 
Luttinger c l a s ~ i f i c a t i o n , ~  the resonant capture from 
which the corresponding lines a r e  attributed. 

c )  Our next t a sk  is to show that the remaining lines 
in the experimentally observed spectrum a r e  due to 
transitions to excited acceptor levels. We gathered for 
t h i s  purpose on a single plot, in addition to the data on 
the passage of the Landau levels through the energy 
value E =  27 meV, also the data of Ref. 3 on their pas- 
sage through fixed energy values in the 40-140 meV 
interval (see Fig. 2). For each value of the energy E 
on the abscissa axis ,  the ordinate is the value of En in 
the  dimensionless units an = ~,/tiw,, where no = eH/moc. 
The dark circles on the ordinate exits itself a t  the Lut- 
tinger values of a, calculated without allowance for  
nonparabolicity on the basis of the parameters known 
from experiments on cyclotron resonance.' 
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FIG. 3. Plot of H; vs. the quasiclassical number n for trans- 
itions to the third excited acceptor level from two light-hole 
ladders; Hl [ l l l  I .  

We shall return below to a discussion of the physical 
meaning of this plot and of its physical consequences. 
In the present section we use this plot only a s  an aid 
in the interpretation of the spectrum. Taking the ener- 
gies of the two lowest excited acceptor levels E(') and 
E ( ~ ) ,  and drawing vertical lines through the points 
Rw, = I E ( ' ) ~  =33.45 meV and Rw, - I E ' ~ ) ~  =34.75 meV on 
the abscissa axis, we have determined the se t s  of the 
resonant values of the magnetic field. They a r e  
marked by the arrows under the experimental curve in 
Fig. 1. Practically all  the arrows corresponded to lines 
present in the spectrum, and the discrepancies the ex- 
perimental and calculated resonance positions nowhere 
exceeded the line widths, i.e., 1-2% of a period. 

d) It is easy to verify that al l  the remaining lines 
belong to a ser ies  of resonances corresponding to transi- 
tions to the third excited level. There a re  also traces 

- oTtransitions to the forth level. 

At field directions H 11[110] and HII[111] the splitting 
due to the presence of two "ladders" of light holes i s  
much smaller. This has simplified the spectrum and 
made it possible to interpret it directly, by successively 
separating from it line-pair ser ies  with periods Pi 
corresponding to transitions to  different acceptor levels. 
Figure 3 shows by way of example a plot of H z  against 
the Luttinger number for one of such series-for tran- 
sitions to the third excited level, n,,, - 3. The plot shows 
only those lines that a r e  not superimposed on lines of 
other series. The value of En determined from the 
slope of the lines is 35.5 meV a s  Ku, - I E ( ~ ) (  

FIG. 4. Section of 2J/2H ( H )  spectrum a t  HI1 [ I l l  1. The 
lower arrows mark the acceptor levels to which the transi- 
tions take place ( t o  the ground state - from the magnetic sub- 
bands 52 and 61, to the excited ones from the subbands 62 and 
71). 

FIG. 5 .  Lines of Z1-0 resonant transition a t  field directions 
HI1 [I00 1 and H II [1101 for the upper and lower curves, respec- 
tively. 

=35.2 meV (see Table I, where the values of E obtained 
from different resonant series for the gallium impurity 
from the plots with HII[lll] a r e  compared with the known 
values of FW, - E(' ) ) .  

Figure 4 shows a section of the spectrum where lines 
from different ser ies  do not overlap. Transitions from 
the ground level to four excited levels a r e  clearly seen 
(the transition to the highest level is shown in the form 
of a weak unresolved line). 

The entire observed resonant structure is due thus to 
transitions from the light-hole levels. The same can be 
stated even in the strong-field region: wherever there 
a r e  no transitions from the light-hole levels there a r e  

FIG. 6. Resonance spectra in strong fields at  field directions 
Hll f 11 1 I and HI1 [I00 ] for the upper and lower curves,  respec- 
tively. The acceptor levels to which the transitions from the 
magnetic subbands Z2 and 31 take place a r e  indicated. 
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no resonant signals whatever (for examples, the field 
intervals 60-66 kOe and 80-85 kOe at H )1[100] (see 
Fig. 1). 

To conclude this section, we consider the shapes of 
the resonance lines. Figure 5 show in enlarged scale, 
plotted in the coordinates a ~ / a H  and H, two relatively 
isolated lines corresponding to 2, - 0 transitions. 
Their characteristic shape (a minimum on the side of 
the weak fields and a maximum on the strong side) 
means that the photocurrent has a minimum at reso- 
nance. It appears that the additional slowly varying 
maximum on the weak fields in both plots is not acci- 
dental. A similar maximum exists on the left of the 
2,- 0 line also a t  ~ll[lll] (see Fig. 6); traces of such 
a maximum can be discerned also near other lines. 
We shall return to the possible nature of this maximum 
in the next section, in the discussion of the influence 
of the Coulomb field. 

In strong fields, the spectrum becomes more com- 
plicated and the lines acquire a fine structure (Fig. 6). 
It is  due to Zeeman splitting of the acceptor levels. If 
the lines from the different ser ies  do not overlap, then 
this splitting can be measured. For example, from the 
splitting of the 3,- 1 line a t  H II[111] (Fig. 6) it follows 
that the splitting of the level 1 is of the order of 0.5 
meV, in sufficiently good agreement with the data of 
Ref. 10. It should be noted in this connection that at all 
three field directions the 2,- 0 line has no fine struc- 
ture (Figs. 5 and 6). This confirms the previously made" 
statement that the ground level of a shallow acceptor in 
germanium has an unusually small Zeeman splitting. 

4. DISCUSSION 

1. The foregoing identification of the resonant structure 
does not make it possible to obtain directly additional 
information on the nonparabolicity of the spectrum of 
the light holes. As seen from Figs. 1 and 3, the arrang- 
ment of the resonant lines in the reciprocal-field scale 
is equidistant with high accuracy, up to the transitions 
to the levels 2, and 3,. This means that the obtained 
spectra can be used to determine the quasiclassical 
characteristics of the spectrum S(E) and g(E). The 
measured S(E)  agrees within 1% with the calculation by 
the previously obtained3 interpolation formulas, and 
hence also with the m(E) dependences obtained by us. 
The latter a re  needed, in particular, for the calculation 
of the functionsg(E) obtainedfrom the directly measured 

' g*(E) on the basis of formula (4) in terms of the ratio of 
the splitting in theH" scale to the period P. 

The measured g(E) a r e  shown in Fig. 7 together with 
the known data pertaining to the top of the valence band 
(dark circles): and with part of the data from Ref. 3 
(triangles). The values from Ref. 3 in the region at 
large E at ~11[100] a r e  not shown on the plots. The en- 
t i re  aggregate of the experimental data for this field 
direction can be described by the interpolation formula 

Figure 7 shows the E-dependences not only of the 
effective g, but also of the reduced g*. This is done not 
only because it is g* which is measured in the experi- 

FIG. 7. Plots of g ( E  ) and g* ( E  ) at magnetic field directions 
HII[111], HfI[110], and H11[100] for the upper, middle, and 
lower lines, respectively. Dark circles-from Refs. 8 and 9, 
white-present work, triangles-from Ref. 3. 

ment. The g*(E) plots demonstrate also the degree of 
proximity of g*  to two. This proximity i s  no accident1': 
in all  the known cases, anomalously small  cyclotron 
masses a re  accompanied by large g. In our experi- 
ments, the increase of E at a l l  the directions of H 
brings g* closer to two. It is not clear, however, 
whether this tendency is accidental or whether the 
system tends asymptotically with increasing E to the 
total compensation condition g m  =2m,. 

2. We return now to the plots of Fig. 2. The straight 
lines passing through the experimental points show 
how the resonance lines from which the recombination 
proceeds move towards higher energies with increasing 
H. In the case of a parabolic spectrum this motion 
should be described by straight lines a, =const parallel 
to the abscissa axis. The appearance of an inclination 
a, =a:')- b,E is the result of nonparabolicity of the 
spectrum. In the quasiclassical approach, for example, 

The prime denotes here differentiation with respect 
to energy. It seems natural for extrapolation of the ex- 
perimental plots to E = O  t o  lead to a system of Luttinger 
levels based on the data on cyclotron resonance in ger- 
maniurn.O In other words, the straight lines should 
seemingly pass through the black circles on the ordinate 
axis. Yet the difference 6an, which amounts to approxi- 
mately one-third of a cyclotron period, undoubtedly 
greatly exceeds the experimental er rors .  The very 
large change in the hole-spectrum parameters in the 
energy region E < 2 5  meV seems improbable. The 
only reasonable explanation is therefore that the ex- 
periment reveals the influence of the Coulomb field of an 
ionized center on the spectrum of the free carr iers  in 
its vicinity, and that the capture by the center is not 
from the bottom of the magnetic subband, but from a 
level split away from this bottom. 

An analytic solution of the problem of the Coulomb 
spectrum in a magnetic field4 exists only for a simple 
band within the strong-field limit 

when the electric field can be regarded a s  a small cor- 
rection compared with the magnetic one, and the ordin- 
ary  system of excited states of the center no longer 
exists. It can be formally assumed that the condition 
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(7) is  satisfied in our experiments, if f2 is taken to 
mean the cyclotron frequency of the light holes. The 
electronic structure of the acceptor, however, is 
formed with participation of heavy holes. Therefore, 
condition (7) notwithstanding, the field H for the ac- 
ceptors is still weak in the sense that the Zeeman level 
splittings AE(')<< (E(')(. The problem was solved in this 
formulation only a s  applied to a diamagnetic exciton.13*14 

Unfortunately, we have at present no reliable algorithm 
for the reduction of the experimental data, capable of 
separating in Fig. 1 the contribution of the nonparabolic- 
ity from the Coulomb correction, and of determining the 
distance 6En from the split-off level to the true bottom of 
the magnetic subband, As a rough estimate we can 
draw through the dark circles of Fig. 2 straight lines 
parallel to the experimental lines, and obtain the value 
of 6En a s  the difference between the abscissas of the 
intersections of the obtained pair of lines with the line 
(Y = E / E ~ ~ :  

Such an estimate yields, for example for the level 2, 
in a field 60 kOe, a value of 6E on the order of 2 meV. 
If now, starting from the field in which the resonance 
2,- 0 i s  observed, we calculate the field in which the 
t rue  bottom of the magnetic subband 2, will pass through 
the level E =Eoo - IE(O) I, then we land precisely in the 
field region where the broad maximum is observed (see 
Figs 5 and 6). This gives grounds for assuming that 
this maximum is due to the passage of the bottom of the 
magnetic subband, o r  of higher discrete levels split-off 
from this subband, passes through this m a ~ i m u m . ~  
From the value of 6H on Fig. 5 o r  6 we then obtain, a t  
a l l  three directions of H, one and the same value 6E 
= 1.65i0.1 meV at Hz60  kOe. 

Thus, the observed resonant transitions s tar t  out 
from levels split-off from magnetic subbands. It follows 
from the relative width of the resonances that the bidth 
of these levels is AE= 0.2-0.3 meV. This corresponds 
to a lifetime T = 2 x 10-la sec, We cannot tell a s  yet 
whether this time is determined by the resonant capture 
o r  whether this is the discrete-level lifetime due to the 
transition of the carrier to a higher or lower magnetic 
subband. It is  appropriate to  point out here that the 
described experiments showed no resonant capture 
from the heavy-hold band. Of course, owing to  the 
differences of the effective masses, the transitions 
from the heavy-hole band should have produced a t  the 
same absolute width a structure that is almost ten 
times more frequent. It must furthermore be borne 
in mind that although the average state densities in 
the bands differ by a factor (m,/m,)312 = 23, the dif- 
ference between the heights of the maxima of the state 
densities at the bottom of the magnetic subbands is 
much less,  since it is proportional to (m,/m,)1'2. The 
small  distance between the resonances is in no way 
compensated by the high intensity. Nevertheless, this 
does not explain completely the absence of resonant 
capture of heavy holes. It is probable that in the in- 
vestigated field interval the recombination proceeds 
actually mainly via the light-hole band precisely be- 
cause this band contains split-off levels, whereas in 

there a r e  no such levels a s  yet in the heavy-hole band. 

3. It follows thus from the experiments described 
above that recombination from the interior of the band, 
with participation of an optical phonon, proceeds dif- 
ferently than the Lax recombination from the bottom of 
the band.'' Capture from the bottom of the band takes 
place mainly from highly excited levels of the center 
with a subsequent transition to deeper levels, with emis- 
sion of long-wave phonons. On the contrary, capture 
from the interior of the band in a strong magnetic field 
proceeds in two stages: f irst  the carr ier  lands on the 
split-off level of the magnetic subband, and then already 
on one of the acceptor levels proper. The probability 
of resonant transitions to the ground state is here of the 
same order a s  to a highly excited state. This follows 
from the comparison of the amplitudes of the resonance 
lines on Figs. 1,  4, and 6. To be sure ,  this comparison 
can s o  far be regarded only a s  qualitative, since cap- 
ture onto different acceptor levels is from different 
energy levels E,  and the carr ier  distribution function 
f (E) in the band has not been investigated. Allowance 
for the function f(E), however, can hardly change this 
qualitative conclusion. 

The approximate equality of the probabilities of re-  
combination via different levels can be explained by 
means of an  estimate that does not take the magnetic 
field strength into account, but reveals nonetheless the 
gist of the matter. 

An increased of the characteristic dimensions a, of 
the excited states compared with the size of the ground 
state should lead to an increase of the matrix element 
of the transition, accompanied by emission of an optical 
phonon. However, the wave vector of such a phonon 
should satisfy the inequality q 5 a;'. Therefore the 
increase of the matrix element is  offset by a decrease 
of the phase volume of the phonons that can participate 
in the transition. If the wave function of the electron 
in the band is assumed to be a plane wave exp(ikr) and 
the potential U of the interaction of the hole with the 
optical phonon is assumed constant, then the transition 
probability is 

Here JI is the wave function of the bound state and 
JIQ+, is its Fourier component; if the initial function $ 
is normalized, then the last integral is  equal to unity 
regardless of the concrete form of the function $ and of 
its effective size a,. 

The authors thank S. V. Meshkov and k .  I. Rashba 
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The dependence of a parallel critical magnetic field H,,, for vanadium and technetium films (including 
ultrathin films with d < 100 A) on the thickness d is investigated experimentally. The results are explained by 
the effect of spin phenomena on thp magnitude of H,,,. 

PACS numbers: 74.40. + k, 74.70.L~.  73.60.Ka 

1. INTRODUCTION for films of alloys and compounds, but also for films of 

The problem of the magnitude and nature of the limit- 
ing magnetic fields which restrict  the existence of the 
superconducting state has been intensively studied, both 
theoretically and experimentally, in recent years, in 
application to both bulk' and film samples (see, for 
example, Refs. 2-5). Thin films in a parallel field 
a re  convenient objects for the study of this question for 
the following reasons. 

The disruption of the superconducting state by a mag- 
netic field can take place a s  a result of the action of 
the magnetic field both on the orbital and on the spin 
parts of the motion of the electrons. Observation of the 
effect phenomena on the critical magnetic field i s  pos- 
sible in this case if H%* (the critical field, defined under 
the assum~tion of the existence of the orbital mechan- 
ism only) has a sufficiently large value, namely, under 
the condition 

where A(T) i s  the gap in the electron spectrum of the 
superconductor. For bulk superconductors, this con- 
dition can be satisfied in alloys and compounds with a 
small path length of the electrons, which assures large 
values of the Ginzburg-Landau parameter and of 
Hz?. In this case, thanks to the different temperature 
dependences of H z b  and A, condition (1) i s  satisfied only 
at temperatures that a r e  remote from Tc. 

A similar picture also exists for films in perpendicul- 
a r  magnetic fields, since the critical perpendicular 
magnetic field of the films Hc, = H ,  (this equality is  sat- 
isfied for films of type II superconductors of any thick- 
ness, and for sufficiently thin films of type I supercon- 
ductors'), while condition (1) can be satisfied not only 

pure metals, thanks to the possibility of obtaining films 
with a very small path length of the electrons. So far 
as the parallel critical magnetic fields of films a r e  
concerned, their value and temperature dependence a r e  
such that the condition (1) for Hg* can be satisfied even 
near Tc [H~?/' i s  larger than Hi* by a factor of 5(T)/d i s  
sufficiently thin films, where 5(T) i s  the temperature- 
dependent coherence length and d i s  the thickness of the 
film]. 

It should be remarked that satisfaction of condition (1) 
i s  facilitated a t  small Fermi velocities for the electrons 
v, (and, consequently, small coherence lengths to), 
which a r e  characteristic for transition metals, where 
values of v, that a r e  an order of magnitude smaller than 
in simple metals a r e  possible. 

In the present work, we h a v e  studied the dependence 
of Hc on the film thickness of two transition metals- 
vanadium and technetium-down to thickness of d -  60 A. 
The results a r e  interpreted from the viewpoint of the 
effect of spin phenomena. In addition, since vanadium 
and technetium differ hy about a factor of two in their 
atomic numbers, it is of interest to follow the effect of 
spin-orbit scattering,' the probability of which depends 
strongly on the atomic number. ' 

2. EXPERIMENTAL METHOD 

For the present investigations, we used samples pre- 
pared by ion sputterings in a superhigh vacuum setup, 
with the following partial pressures of the residual 
gases: hydrogen-p < lo-' Torr ,  other residual gases- 
p < lo-'' Torr ,  and at a pressure of the working gas 
(krypton) 5 X Torr.  To remove the effects of the 
surrounding medium, and of the nonreproducibility of 
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