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The effective masses and the Dingle factor for all the oscillations in the (10i0) and (1120) planes were 
determined by measuring, in pulsed magnetic fields up to 150 kOe, the dependence of the oscillation 
amplitudes in the de Haas-van Alphen effect on the temperature and on the magnetic field. An 
anomalous angular dependence of the Dingle factor was observed for the Dingle factor at the frequency 
F,,, and is attributed to magnetic breakdown. The areas and positions in k-space of the extremal 
magnetic-breakdown orbits, the parameters v ,  and v, at the breakdown points, the gap A between the 
first and second Brilluoin zone at the breakdown points are all calculated. The experimental data are used 
to estimate the gap A. A possible interpretation, based on magnetic breakdown, is offered for the 
oscillation frequency f,. 

PACS numbers: 75.20.En, 75.30.Cr, 71.25.Jd 

The Fermi surface (FS) of cadmium was investigated 
in detail experimentally with the aid of galvanomagnetic 
phenomena, the de Haas-van Alphen, effect, L"8J the 
size effect, [I1 and cyclotron resonance. C8-'0* As  a re- 
sult of these measurements, i t  is presently regarded a s  
established that the hole part of the FS consists of pock- 
e ts  in the f i rs t  Brillouin zone (BZ) and a monster in the 
second BZ. The horizontal a rms  of the monster are  torn 
and i t  can be represented in the form of undulating fig- 
ures that a re  elongated along the HK edges and have, in  
the section with the r K M  plane, the appearance of three 
foils that a re  joined together near the edge at the point 
K. The electron surfaces in the third BZ take the form 
of a lens located a t  the center of the r zone. In the 
model of almost-free electronsL111 cadmium should have 
also FS parts in the form of a butterfly in the third BZ 
and a cigar in the fourth BZ, but the existence of these 
sections has not yet been experimentally confirmed. 

The intersection of the monster with the l?,KM plane, 
which takes the form of a trefoil, has been dubbed the 
y section, and Tsui and starkL2' have shown that a s  a 
result of magnetic breakdown this section can b e  real- 
ized both in  the form of a complete y section, and in the 
form of orbits that pass only along one of the foils 
( iy)  o r  along two foils (&). Measurements of this 
kind were made only in a narrow angle interval near the 
~11[0001] direction, and the data obtained by measuring 
the cyclotron r e s o n a n ~ e [ ~ - ~ ~ ~  were the results of mea- 
surements made in fields too weak to yield the values 
of the effective masses my,, and vn+,,. 

We report here measurements of the oscillation am- 
plitudes in the de Haas-van Alphen effect, particularly 
the amplitudes of the oscillations connected with the 
sections y, 5, and $, for the purpose of ascer- 
taining the character of the phenomena connected with 
magnetic breakdown on these section, and to determine 
the effective masses of the electrons that move along 
these orbits. 

2x2m'ck ( T + z )  
Ah ( H ,  T )  =AOaHaT ex 

where m* is the effective mass  of the electron, x is the 
Dingle temperature, and the exponent a depends on the 
experimental procedure and is equal, in particular, to 
-$ in measurements by a resonance method in pulsed 
magnetic fields. From the temperature dependence of 
the oscillation amplitude i t  is possible to calculate the 
effective mass m*, and from the dependence of the am- 
plitude on the magnetic field we can determine the 
Dingle temperature. The Dingle temperature is gov- 
erned by the average electron relaxation time on the 
given orbit, and has been shown[141 to depend little on 
the magnetic-field direction. 

If a given orbit is the result of magnetic breakdown, 
then the oscillation amplitude A,(H, T) is determined not 
only by expression (I), but also by the factor P,(H), 
which is proportional to the probability of the existence 
of an extremal section with a given a rea  S,: 

The exact solution of the problem of electron-motion 
under the conditions of magnetic breakdown on one Bragg 
reflection plane was obtained by Slutskin and Kadigro- 
bov. [I5' Within the framework of the same assumptions, 
~ o c h k i n ~ l ~ l  has calculated rigorously the amplitudes of 
the oscillations in the de Haas-van Alphen effect for the 
particular case of two bands separated by one Bragg-re- 
flection plane. 

In cadmium breakdown on orbits of type y is realized 
near the edge HK of the band, where three Bragg-reflec- 
tion planes intersect. If the distance between the break- 
down planes is large, i. e., the breakdown acts on each 
of the planes can be treated independently, then, a s  
shown by Kochkin, [18' i t  is possible to use the quasiclas- 
sical approximation to calculate, a t  least for the fun- 
damental harmonic, the probability of the passage of an 

The amplitude of the oscillations connected with the electron along a given orbit, using the expression 
k-th extremal cross  section, has  in  the de Haas-van 
Alphen effect the following dependence on the tempera- P ( H ) =  p.'"q,", 

I ( I  

(3 
ture and on the magnetic field: 
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FIG. 1. Effective masses m/mo in cadmium in relative units: 
0-section of pocket a, m-monster section 8 ,  0-monster 
section 5y. (The lower point at (p = 5" in the (1120) plane per- 
tains to the lower branch S1,3r in the frequency spectrum. c61) 

0-monster section $ y ,  .-monster section 'y (at (p=40° in the 
(1120) plane, the lower point pertains to the yZ2 branch and the 
upper to the yzt branchc6]), A-lens section A, +-monster sec- 

' tion m, x-monster section A. The solid line is drawn through 
the data of19' and the dashed one through the date of(1o1. 

where pi is the breakdown probability a t  the i-th point 
of the BZ, and q, = 1 -p, is the probability of reflection 
a t  the j-th point. The summation is over all possible 
trajectories 2 of the given type, and the numbers of the 
breakdown points i and reflection points j a r e  chosen 

EXPERIMENTAL PROCEDURE 

The de Haas-van Alphen effect was measured in  a 
pulsed magnetic field whose maximum value reached 
150 kOe. The setup and the method used to measure the 
oscillations ar_e similar those described inC1Tv181. In 
the planes (1010) and (ll20), in steps of lo0, samples 
measuring 1 x 1 x 5 mm were cut from a bulky single 
crystal, with a specified direction of the crystallograph- 
i c  axes relative to the longitudinal axis of the sample; 
this orientation was refined each time by x-ray diffrac- 
tion, accurate to 1". The resistance ratio 400Y/R4.2 
was k15000 for the samples from this batch. 

The temperature dependence of the oscillation ampli- 
tude was measured a s  helium vapor was pumped on in 
the temperature range from 4.2 to 1.6 K. At the lowest 
temperature we measured the dependence of the oscilla- 
tion amplitude on the magnetic field. For subsequent 
computer reduction of the results, the picture of the 
oscillations was photographed a t  21 values of the capac- 
i tor  voltages from 1000 to 3000 V. We then measured 
the amplitude of the resonance bursts for  increasing and 
decreasing fields. We thus obtained 42 points on the 
A(H) plot. 

MEASUREMENT RESULTS 
such as to realize a trajectory of the given type. The 
probability Pi takes the form exp(- Hoi/H), where Hoi is a) Detemination 'f the effective masses. 

the breakdown field in the i-th point of the BZ this field The effective masses m* were determined graphically 

is expressed i n  terms of the spectrum parameters a s  from the slope of ln(A/T) as a function of T for all  the 

follows: observed oscillation frequencies. The results of these 
measurements a r e  shown in  Fig. 1. The effective mass 

where the energy gap A, is taken a t  the i-th breakdown 
point, while dli) and vii) a r e  the tangential and normal 
projections, on the Bragg reflection plane, of the free- 
electron velocity component perpendicular to the direc- 
tion of the magnetic field. 

Thus, if the existence of a given extremal FS section 
is connected with the magnetic-breakdown phenomenon, 
then the Dingle factor in expression (1) for the oscilla- 
tion amplitude should be replaced by the factor 

eup (-2n2m'ckx/ehH) P ( H )  . 
. . 

When the Dingle temperature is determined from the 
slope of In(&'") as a function of 1 / ~  in a limited mag- 
netic-field interval, the quantity actually determined is 
the virtual temperature x* .  The quantity x* determined 
in  this manner can be larger than x  if P(H) is deter- 
mined mainly by terms of the type exp(- &/HI, and 
smaller than x  if P(H) decreases with increasing field 
like (1 - exp(- H,/H)). Assuming that the temperature 
x is approximately the same for all FS sections and does 
not depend on the direction of the magnetic field, we 
can separate from x* the part  connected with the mag- 
netic breakdown and, using expressions (3) and (4), cal- 
culate the energy gap A and then compare i t  with the 
value determined from theoretical calculations, say in 
the pseudopotential approximation. 

for the sections of the pocket a, equal to 0. 16m0 at 
~11[0001], decreases to 0.13m0 when the field is de- 
flected away from this direction in the (1070) and (1120) 
planes through an angle - 30°, and then increases to 
m/mo =O. 3 a t  HII [1120] and 0.33 a t  HI1 [ IO~O].  

For the section B, reliable data were obtained only a t  
a field deflection 15-20' from the [0001] axis. The 
masses connected with the monster section y were mea- 
sured in the angle interval 20" <rp< 70" in  both crystal- 
lographic planes, i. e., where the oscillation amplitude 
is large enough, In the (1120) plane the mass m, de- 
pends little on the orientation and amounts to 0. 7mo, 
while in  the (10i0) plane the dependence on the angle is 
stronger -my decreases from a value 0. 83mo at J ,  = 20" 
to a value 0. 7mo a t  cp = 70". The electron masses for 
,the & section were measured in a narrow angle inter- 
val 20" < rp <40° and a r e  close in magnitude to m/mo 
=O. 5. In the (1120) plane we have %,,,/my = 3 accu- 
rate to - 12%, and in the (10i0) plane this ratio holds 
true accurate to 3% at cp = 20" a t  6% at  cp =40°, i. e., 
worse the closer m,,,, is to 0. 5m0. The effective mass 
of the section $, was measured in the angle interval 
rp < 30" in the (1010) plane and rp < 60" in the (1120) plane. 
In  the (1010) plane the mass decreases from 0. 35m0 at  
rp = 10" to 0. 29m0 at  cp = 30°, which agrees within 10-15% 
with the ratio m,,,/m, = 3. In the (llZ0) plane my,, 
decreases from - 0. 45m0 at  cp = 5" to m = 0. 25m0 at  
30-4O0, and then increases to m =O. 36m0 at  rp =60°. 
Near the minimum the value of my,, is one-third the 
value of m, within lo%, and when cp is increased to 60" 
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FIG. 2. Amplitudes of os- 
ciIlations A. in relative units 
for different sections of the 
Fermi surface that do not 
depend on the value of the :n, / magnetic field H. 

the difference between my,, and (+ )my  reaches 40%. 

The effective mass connected with the lens section was 
measured in the entire angle range and ranges from 
1. 2m0 at  rp-0" to 0 .  44m0 at  ~ 1 [ 0 0 0 1 ] .  The oscillations 
with frequencies designated A and u incs1 were observed 
in the angle intervals 70" < rp  < 80" and 30" < rp  < 80" re-  
spectively in the (1070) plane. m,-0 .6mo,  while m, 
decreases smoothly from - 0 .  7m0 at  30" to 0 .  6m0 a t  
(p=80° .  

The lines in Fig. 1 show the values of m / m 0  obtained 
by the cyclotron-resonance method. ["lo' I t  i s  seen that 
the masses obtained from the temperature dependences 
of the oscillation amplitudes a r e  smaller than the 
masses obtained by the cyclotron-resonance method. 
The difference is - 10% for the pocket a, -25% for the 
monster section 8, - 7% for  the section y, and - 10% for 
the lens at ~ 1 [ 0 0 0 1 ] .  

Since the referred-to FS sections of cadmium a r e  
quite simple, the effective masses should be external 
at the same values of k ,  at  which the areas  of the FS 
sections a r e  extremals, i. e., the effective masses mea- 
sured in both methods a r e  connected with the same or-  
bits. I t  appears that one of the causes of the discrep- 
ancy may be the dependence of the electron-phonon re- 
normalization m* = m(1 + A)  of the effective mass on the 
field and on the temperature, C191 obtained on the basis 
of[203. The field dependence of A has not been considered 
in the literature in the case of cadmium, but i t  has been 
shownL191 that for the p section in mercury, in the tem- 
perature interval 2 . 2 - 4 . 2  K and in  fields 50-300 kOe, 
the change in mass reaches 34%. The effective value of 
X decreases with increasing field, and therefore the 
masses obtained by measuring the amplitudes of the os- 
cillations in  fields - 100 kOe should be less  than the 
masses obtained in fields -100 Oe by the cyclotron-reso- 
nance method. I t  would be apparently of interest in this 
connection to determine the m*(H) dependence directly. 

The data for other sections cannot be compared, since 
they were either measured at other orientations of the 
magnetic field, o r  were not observed a t  all (in one of the 
studies). I t  should be noted that although the cyclotron- 
resonance method is much more accurate than measure- 
ments of the temperature dependence of the oscillation 
amplitude, the interpretation of the latter is much sim- 

pler, since the masses determined by this method a r e  
directly connected with definite sections of the FS, 
whereas the identification of the masses measured by 
the cyclotron-resonance method with definite sections 
of the Fermi surface is a more complicated procedure. 
It appears therefore that the most reliable interpretation 
can be obtained by comparing the cyclotron-resonance 
data with those on the de Haas-van Alphen effect. 

b)  Determination of the Dingle factor. The Dingle fac- 
tor was calculated for all the FS sections in the angle 
interval where the oscillation amplitudes were high 
enough. To calculate the value of x we used those val- 
ues of the effective masses which were obtained from 
the temperature dependences of the oscillation ampli- 
tudes, since these mass values were obtained for the 
same samples and in  the same magnetic-field interval, 
thus automatically ensuring the correct  value of the co- 
efficient in the exponential when the Dingle temperature 
was determined. 

For all the FS sections, except Y and iy, the Dingle 
temperature is - 1 K. For the y section, the apparent 
Dingle temperature is x*  - 0 . 5  K, and for the )y sec- 
tion the temperature x* obtained in the manner de- 
scribed above is strongly dependent on the orientation. 
The apparent Dingle temperature increases from - 1 K 
at  cp-0" when the field is inclined away from the hexag- 
onal axis, and reaches x* - 4 K at = 20' in the (10 i0)  
plane and x* - 6 K a t  r p  = 60" in the (1150) plane. 

Figure 2 shows the amplitude A,,, which does not de- 
pend on the magnetic field, for all the observed oscilla- 
tions, a s  well a s  the angle intervals in which the various 
oscillations a r e  observed. The values of A, were ob- 
tained by dividing the measured amplitudes by the quan- 
tity 

The curves a r e  broken in those places where the Dingle 
factor could not be determined by experiment. 

DISCUSSION OF RESULTS 

1. The abrupt increase of the Dingle factor for the 
oscillations connected with the By section when the 
magnetic field is deflected away from the [0001] axis 
can be associated with magnetic breakdown. Figure 3 
shows the intersection of the monster and of the pocket 
with the Al7 KH plane, and a number of intersections of 
this figure with planes parallel to the basal plane. Sec- 
tion a corresponds to the extremal section of the pocket, 
b corresponds to an intermediate section that can be- 
come, a s  will be shown below, extremal a s  a result of 
magnetic breakdown, c corresponds to the central y 
section, and d is realized a t  a certain distance from the 
basal plane and corresponds to monster section in which 
a pocket section is imbedded. The monster section y 
ar ises  only when the trefoil is followed over the entire 
surface of all  three foils, a fact that corresponds to ab- 
sence of breakdown (orbit 1234567891 on Fig. 3d), o r  to 
complete breakdown of all the gaps (motion along the 
orbit 1256782345891). In the case when the breakdown 
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FIG. 3. Intersection of the 
monster with the ArKH 
plane and with planes (a, b, 
c, d) perpendicular to the 
[OOOl] axis. 

does not occur on all the plane, the orbits realized a re  
either $ y  (trajectory of the type 12567891 with break- 
down a t  the points 2 and 5 and with reflection a t  the 
point 8), o r  else $ y  (trajectory of the type 125891 with 
breakdown at the points 2 and 8 and reflection a t  the 
point 5). 

The breakdown field Hoi was calculated by.a least- 
squares method in which the experimentally determined 
A(H) dependence was compared with expression (2). 
When the field is inclined to the hexagonal axis, the 
breakdown fields at the points 2, 5, and 8 can become 
unequal; the calculation was therefore carried out for 
three different fields H,,. The factor P(H) for the i y  
section took the form 

The form for the y section was 

The best agreement between the experimentally ob- 
served A(H) dependence and expressions (2), (5), and 
(6) was reached by adjusting the values of H,,, H,, and 
H,. I t  was assumed here, a s  for all other sections, 
that the Dingle factor is x= 1 K. 

For the $ y section at large values of the breakdown 
field, the value of P7,,(H) depends little on the choice of 
H, and is determined mainly by the value of Ho = 

x (Hol + H,). Figure 3 shows a plot of Ho obtained in this 
manner for various orientations; the possible e r r o r  in 
the determination of H,, due to the inaccuracy of the cal- 
culation of m* and to the scatter in the experimental 
dependence, is shown shaded in  the figure. Calculations 
for the y section have shown that in the field interval 
30-100 kOe used in the experiment P7(H) depends little 
on the field and decreases with increasing H. This 
leads to a decrease of the apparent Dingle temperature, 
and accounts i n  fact for the values x* - 0.5 K, which a r e  
lower than for  the other sections (- 1 K). 

The oscillations connected with the y  section a re  
observed in  a pulsed magnetic field w-hen H is inclined 
to the [0001] axis up to 60" in the (1120) plane and only 
near HI1 [0001] when the modulation procedure is used. C53 

the [0001] axis, observation of the frequencies FYI, 
calls for  strong fields, which a re  attainable by the pulse 
method. On the other hand, in strong field the argu- 
ment 2nh/ f / ~ ~  of the Bessel function becomes small 
(h is the amplitude of the modulating field), and con- 
sequently the Bessel function itself, which determines 
the amplitude E, - J,(~~~F/H~)A,, , , (H) of the signal in  the 
receiving coil in measurements a t  the n-th harmonic of 
the modulation field, also becomes small. Therefore 
the product JnA7,,(H) may turn out to be small in the en- 
t ire field interval, and this explains the narrowness of 
the region where the frequency FYI, is observed near 
HI1 [0001] in  constant fields. 

2. To explain the obtained Ho(cp) dependence i t  is nec- 
essary to determine the coordinates of the breakdown 
points and to calculate a t  these points the value of I v,,v, I ,  
which enters in expression (4). This calls for deter- 
mining those values of k,  at  which the Sections $/, a r e  
extremal, and i t  is necessary to construct for these k, 
the trajectories corresponding to the motion of the f ree  
electrons. The intersection of the latter trajectories 
with the Bragg-reflection planes yields the coordinates 
of the breakdown points. The determination of the ex- 
tremal sections $/, in the many-wave approximation 
calls for a large volume of computer calculations, and 
the qualitative picture was obtained by carrying out the 
entire calculation in the single-wave approximation. In 
order that the horizontal a r m s  of the monster be broken, 
we introduced an additional assumption, namely, the 
parameter b of the Brilluoin zone was decreased by 15O/0. 

I t  is seen from Fig. 3c that the foils 1 and 2 a r e  not 
equivalent with respect rotation about the axes [10i0] 
and [ll20]. We therefore calculated the extremal sec- 
tions for fouz cases of rotation of the foils 1 and 2 about 
the axes [1010] and [1120] in steps of 10". Figure 5 
shows the results  of these calculations for the angles 
(o =0, 30, and 60". The filled symbols in the figures 
denote the breakdown points, and the light ones the re-  
flection points, which a r e  needed for the existence of 
the magnetic-breakdown section $ y. 

The calculation yielded the following quantities: 

FIG. 4. Calculated values of the breakdown field H o  for the 
section 47 of the monster. The shaded area is the region of the 
possible scatter due to the experimental e r rors  in the deter- 
mination of the effective masses and of the field dependence of 

Since Ho increases abruptly when H i s  deflected from the amplitude. 
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FIG. 5. Calculated extremal sections .St,, for different orieq- 
tations of the magnetic field relative to the crystallographic 
axes, = 0, 30°, and 60" respectively. 

a) The angular dependence of the extremal sections 
S7,, for the foils 1 and 2. The upper part of Fig. 6 
shows, in relative units, the calculation results and the 
experimental data. I t  i s  seen that orbits I1 and IV on 
Fig. 4 duplicate qualitatively the course of the experi- 
mental curves. The lower group of the experimental 
points in the * y  series on Fig. 6 can pertain either to 
branches I and 111, o r  to a superposition of the fre- 
quencies (F, + ~,,,)/2. 

b) The coordinates of the breakdown points and the 
components q, and v, of the free-electron velocity for 
these points. 

c) The energy gap A between the first  and second 
Brillouin zones calculated along the lines passing 
through the breakdown points on planes of the type 
HKLM, in the approximation of nine plane wave without 
allowance for the spin-orbit interaction. The form fac- 
tors of the pseudopotentials were taken fromce1, where 
they were obtained from the experimental data with al- 
lowance for the dimensions of all the parts of the FS. 
Figure 7 shows the dependence of the gap A on the dis- 
tance so along the line that serves as the geometric locus 
of the breakdown points, from the point K to the inter- 
section of this line with the HLA plane. This line is the 
trace of the intersection of the HKLM plane with the 
free -electron sphere. 

FIG. 6. Calculated angular dependence of the area of the ex- 
tremal sections & y and x (solid lines) and the experimental 
points, in relative units (it is assumed that the experimental 
and calculated Si& are equal at 811 [OOOl]. The roman numer- 
als denote the &y foils in the plane of rotation, as in Fig. 5. 

FIG. 7. Calculated dependence of the energy gaphbetween the 
first and second Brillouin zones along the line so that passes 
through the breakdown points. The geometric locus of the 
breakdown points on one of the planes of the HXLM type is  
shown in the upper left corner of the figure. The gap Awas 
calculated from formula (4 )  and its symbols correspond to the 
cases I( 0 ), XI( 0). III( 0 )  and IV( m )  shown in Fig. 5. The 
dashed line separates the region where the distance between 
the breakdown points is less than 0.01. 

d) The values of S2 1 d2S/de1 -ln, calculated from the 
S(k,) dependence, fo r  all four sets  of the extremal val- 
ues of the 3 y  section. These quantities were com- - 
paredwith the quantities s21 d2s/de( -'I2 that enter in the 
oscillation amplitude A, in  expression (1). I t  was ob- 
served that in the case of orbits I1 and IV the agreement 
with experiment is satisfactory. 

Using the calculation results, we can examine the 
singularities in the behavior of the trajectories along 
foils 1 and 2 when the magnetic field is rotated in the 
planes (1010) and (llZ0). Knowing the coordinates of 
the breakdown points and the value of I q, v, l a t  these 
points, we can calculate H, from formula (4), by sub- 
stituting in it the value of A shown in Fig. 7 (solid line), 
and then compare the obtained values with H, deter- 
mined from the experimental data. Since the oscillation 
frequency FYI, was observed in fields 5; 70-80 kOe, the 
values of the breakdown field Ho > 200 kOe correspond to 
a very low breakdown probability f l -  e", and i t  can be 
assumed that for H,> 200 kOe the oscillations corre- 
sponding to the given trajectory should not be observed. 
The value of H, was determined from the expression 

where H, is in Oersteds and A, q,, and v, is in atomic 
units. 

For all orbits shown in Fig. 5, the breakdown field 
calculated in this manner increases from H, - 70 kOe at 
Hll[0001] with increasing angle cp between the direction 
of the magnetic field and the [0001] axis. For orbits I 
(Fig. 5), H, reaches values - 200 kOe at cp> lo0 ,  for 
orbits I1 a t  cp> 30°, for orbits I11 at  (p> 20°, and for 
orbits IV a t  cp > 60". I t  follows from the experimental 
data (Fig. 2 that in the (1070) plane the branch of the 
spectrum with frequency-FYI, is observed at  angles 
(p < 30°, and in plane (1120) i t  is observed at  (p<60°. 
Thus, i t  can be concluded that the calculated ~ ( s , )  de- 
pendence (Fig. 7) agrees qualitatively with experiment 
and that the observed oscillations with frequency Ff13 
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a r e  connected with trajectories II in the (1070) plane and 
IV in the (1120) plane (Fig. 5). The quantities Ho calcu- 
lated for these trajectories fall, within the limits of er-  
ror, in the region shown shaded in Fig. 4. 

Using the values of H, obtained from the experimental 
data we can calculate the values of the gap A. The re-  
sults of these calculations a r e  shown in Fig. 7 in the 
form of points pertaining to the orbits observed in the 
experiment. In  the region of small angles, for orbits 
I-III and for all angles for orbit IV the gap calculated 
in this manner amounts to (3 i 0 . 6 ) ~  lo'$ a. u. The e r ro r  
is connected with the inaccuracy of the calculation of 
H, (Fig. 4) from the experimental data and with the in- 
accuracy of the calculation of 1 q, v, l a s  a result of the 
variation of the parameter b of the Brillouin zone. 

We can thus estimate the gap A a s  being close to 
0.003 a. u., which agrees in order of magnitude with the 
values of the matrix element Wl;lo cited in other 
papers. 16*21-231 Th.s agreement should be regarded a s  
only qualitative, since the results of our paper were ob- 
tained for breakdown points that a re  located a t  short dis- 
tances from the edge of the BZ. The criterion for the 
suitability of formula (3) is the condition that the elec- 
tronfollow aquasiclassical trajectory between the break- 
down acts; in other words, the area  of the section of the 
pocket in the magnetic-breakdown section y should 
contain more than one Landau level. If the &stance be- 
tween the breakdown points is n, then the area  of the 
pocket section is - n!, and the condition c x 2 / e h ~  L 1 
must be satisfied. In the range of magnetic fields used 
in the experiment, the characteristic distance H should 
be larger than o r  of the order of 0.01 a. u. in order for 
the quasiclassical expression (3) to be valid. This re- 
gion is bounded on Fig. 7 by a dashed line. At small 
angles cp, for cases I, 11, and III on Fig. 5 and a t  all 
angles for case IV we have x<O. 01 a.u., and formulas 
(3) and (4), generally speaking, a re  not applicable. To 
obtain the dependence of the breakdown probability in 
this case i t  is necessary to solve the quantum mechani- 
cal problem of the motion of the electron under condi- 
tions of magnetic breakdown near a BZ edge and to 
match the solutions on these planes. To our knowledge, 
this problem has not been solved as yet. Nonetheless, 
the P(H) dependence should apparently be of the form 
P(H)" exp(- H,/H), but Ho should no longer be deter- 
mined by expression (4), although an angular dependence 
of the 1 qlvL I type should more readily be preserved. 
The calculated value of A should therefore be regarded 
as being of the correct order of magnitude, and the 
exact value of the gap can be obtained by rigorously 
solving the problem. 

3. The spectrum of the oscillation frequencies of 
cadmium includes the frequency F, = 5.4X 106 Oe, C416*241 

which is observed in a narrow angle interval, - l o 0 ,  
near HI1 [0001], but there is no reliable interpretation of 
this frequency. Thus, for example, according to the 
data of2'], this branch can pertain both to the cigar and 
to the magrtktic-breakdown orbit on the monster. In the 
calculationof the extremal cross sections of the monster, 
which occur in the case of magnetic breakdown through 
the section of the pocket, an experimental cross  section 

was observed close to the extremal section f the pocket 
a and located 0.05 a. u, away from it. This section is: 
shown in Fig. 3b. The energy gap between the f i rs t  and 
second zones for this section is small (large values of 
so on Fig. 7), i. e., the parameter Ho is small and the 
section should be observed in the experiment. When 
H is inclined to the [0001] axis, the orbit begins to c ross  
the HLA plane of the Bragg reflection and the probability 
of the passage of the electron along this orbit decreases. 
In Fig. 6, the lower group of curves corresponds to the 
calculated areas  of this section, and the points corre- 
spond to the area  of the experimentally observed ex- 
tremal section. The data obtained inc241 on the pressure 
dependence of S, offer evidence in favor of the magnetic- 
breakdown interpretation of the section &. 
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