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Giant quantum oscillations of the thermoelectric power were observed in single-crystal samples of 
beryllium, zinc, magnesium, and aluminum in liquid helium under magnetic breakdown conditions when 
the samples were heated with electric current of -0.1 A. The magnetic frequency corresponds to the 
extremal sections of the Fermi surface, and the phase of the oscillations is shifted by one quarter of a 
period relative to the Shubnikov4e Haas oscillations. The experimental results are compared with the 
theory of Blatt et al. (Phys. Status Solidi (a) 24, 621, 1974). 

PACS numbers: 72.15.Jf 

INTRODUCTION conductivity is determined in this case almost entirely 

The behavior of the thermoelectric power in metals at 
low temperatures in strong magnetic fields has so  far 
attracted little attention. This question was considered 
in part by Blatt and c o - a u t h ~ r s , [ ~ ]  who started with the 
general formulas of Mott and Jones for the thermoelec- 
tr ic power (see, e. g., C21) 

where S i s  the differential thermoelectric power, e is 
the electron charge, L is the Lorentz number, T is the 
temperature, o is the conductivity, and E, is the Fermi 
energy. It was shown that within the framework of the 
validity of the Wiedemann-Franz law it is possible, for 
the isotropic case, to transform this formula into 

where p,, is the diagonal component of the resistivity 
tensor. The final formula obtained for the change of 
the thermoelectric power in a magnetic field is 

Here, a s  usual, ~ p / p  s [ p ( ~ ) -  p(O)] /p(O). It follows 
from an analysis of this formula that despite the differ- 
ent possible asymptotic forms of the magnetoresistance 
in strong fields, the thermoelectric power S(H) tends in 
any case to saturation. On the other hand, inasmuch a s  
p(H) i s  generally speaking an oscillating function (as a 
result of the Shubnikov-de Haas effect), i t  follows that 
quantum oscillations should be observed also in the de- 
pendence of the thermoelectric power on the magnetic 
field. Such a correlation in the quantum oscillations of 
the magnetoresistance and thermoelectric power was ob- 
served in tin."] 

It is known that under magnetic-breakdown conditions 
the oscillations of the magnetoresistance become gigan- 
tic (see, e. g., the reviewc4] a s  well asc5-'), owing to 
the oscillatory H-dependence of the "transparency" of 
the small orbit to the motion of the electron over an in- 
finite network of magnetic-breakdown trajectories. The 

by the electrons in the narrow magnetic-breakdown band, 
and, naturally, no less  gigantic oscillations of the ther- 
moelectric power a r e  produced in the magnetic field. 
Observation of giant quantum oscillations of the thermo- 
electric power in beryllium were already briefly report- 
ed incB1, with an amplitude many times larger than the 
monotonic components. The present paper is devoted 
to a somewhat more detailed investigation of the behav- 
ior of the thermoelectric power in a magnetic field un- 
der magnetic-breakdown conditions. Measurements 
were made on single-crystal samples of beryllium, 
zinc, magnesium, and aluminum. It can be stated that 
the general character of the behavior of the thermoelec- 
t r i c  power in a magnetic field is approximately the same 
for  the investigated metals: a s  a rule, saturation in 
strong effective fields and oscillations a r e  observed. 
Principal attention will be paid below to measurements 
made on beryllium, all the more because of the many 
published reports of observation of quantum oscillations 
of the thermoelectric power in aluminumcg1 and mag- 
nesium. c'O1 

EXPERIMENT 

The measurements were performed in a superconduct- 
ing solenoid in magnetic fields up to H- 80 koe. The in- 
vestigated samples were cut out by the electric-spark 
method from already oriented crystallites whose orien- 
tation was checked by x-ray diffraction. We used in the 
experiment samples approximately 5-6 mm long. The 
sample was placed on a plate made of foil-wrapped fi- 
berglass laminate, on which were mounted spring con- 
tacts of silvered beryllium-bronze wire of 0.2 mm di- 
ameter. Six contacts were placed over a length - 5 mm 
in an arrangement shown schematically in Fig. 3 below. 
When current was passed through the outermost contacts 
1 and 2, heat was released and produced a small tem- 
perature gradient along the sample, which was located 
in liquid helium, and the contacts 3, 4, and 5 were then 
a t  different potentials relative to the remote contact 6; 
the potential difference was due to the integral thermo- 
electric power U(H)= I S ( H ,  T)dT. The heating of the 
region near the contacts was practically unchanged when 
the resistance of the sample was varied in a magnetic 
field, since the contact resistances, - 0.1 a, were much 
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la rger  than the resistance of the sample itself. It can 
be assumed that the behavior of the observed potential 
difference in the magnetic field was determined entire- 
ly by the thermoelectric power produced in the investi- 
gated sample, and the possible thermoelectric power in 
the spring contact can be neglected. This pertains quite 
rigorously to the observed quantum oscillations, but the 
same statement, with slight stipulations, can be made 
also concerning the behavior of the monotonic part, in 
view of i ts  dependence on the orientation in the magnetic 
field. 

The contact plate with the sample could be rotated in 
the magnetic field about two independent and mutually 
perpendicular axes. The rotation around one axis was 
by means of a worm gear while the rotation about the 
other was either with the aid of a device of the "rocker 
arm" type in a range * loo ,  o r  by a slight tilt  of the 
principal axis  of rotation through *go.  The smallest  
angle-variation interval was approximately 0.2". Ex- 
act  setting of the sample in the magnetic field was moni- 
tored mainly by the magnetoresistance effect, trans- 
verse o r  longitudinal, depending on the orientation of the 
crystallographic axes relative t o  the sample axes, the 
current being passed through contacts 1 and 6, and the 
potential difference measured between contacts 4 and 5. 
All the measurements were registered with an x-y re-  
corder, the x coordinate being controlled by a voltage 
proportional to the current  in a solenoid, while the y - 
coordinate was driven by a photoamplified voltage from 
the sample. 

As already noted, magnetic breakdown leads to the 
appearance of giant oscillations of the magnetoresis- 
tance of the thermoelectric power in the 
magnetic frequency of the oscillations being determined 
by the central section of the cigar. We consider f i r s t  
the measurement results  obtained in exceedingly weak 
effective fields a t  the beryllium sample (Be-1) with a 
resistivity rat io p,,,/p,.,= 11.5 (the transverse dimen- 
sions of the samples were O.4X0.35 mm, the hexagonal 

FIG. 1. Plot of the thermoelectric power U ( H )  
for Be-1 at H IIC and contact temperatures - 8 
and 4.2 K. Magnetic frequencyF=9.4x106 
Oe atH>60 kOe a n d ~ = 9 . 7 ~ 1 0 ~  Oe atH>50 
kOe . 

axis of the crystal  C was perpendicular to the sample 
axis; despite the large number of defects, good x-ray 
patterns were obtained with the single crystal). In this 
sample, the lifetime of the electrons is such that w r  - 1 
(w  i s  the cyclotron frequency on the central section of 
the cigar)  only in a magnetic field H = 50 kOe. Conse- 
quently, magnetic breakdown cannot play an essential 
role in the electr ic  conductivity a t  the employed mag- 
netic field strengths. Indeed, the magnetoresistance 
of this sample in the H IIC direction, increases approxi- 
mately quadratically with the field; and at  H 2 40 kOe 
one can hardly notice (the relative amplitude is - 1%) 
the quantum oscillations of the resistance (the Shubni- 
kov-de Haas effect), whose amplitude is not appre- 
ciable a t  H I I  C. There is likewise no sharp  anisotropy 
in the dependences of the thermoelectric power U on the 
magnetic field, a plot of which at  )kll C and T = 4. 2 K is 
shown in  Fig. 1. In weak magnetic fields, the mono- 
tonic part  of the voltage U is positive (we have in mind 
the potential of the contact 3 relative to the most re -  
mote contact 6), and in a magnetic field H = 35 kOe the 
plot of U crosses  ze ro  and then becomes negative and 
increases with the magnetic field without exhibiting a 
tendency to saturation. Superimposed on the voltage 
oscillations, whose amplitude i n c r e s e s  with the mag- 
netic field, is a low-frequency modulation with the large 
period typical of beryllium, equal to 33 periods of the 
high frequency. This is evidence that the observed sig- 
nal consists of a sum of two oscillating signals connect- 
ed with the central and noncentral sections of the cigar 
and, just a s  in the de  Haas-van ~ l ~ h e n  effect, the con- 
tribution of the central section prevails. The magnetic 
frequency of the oscillations of F at  H < 58 kOe, mea- 
sured for  the third, fourth, and fifth antinodes of the os- 
cillations (from right to left in Fig. 1) turn out to be 9.7 
X lo6 Oe, with accuracy 0.50/,, corresponding to the non- 
central section of the cigar. However, in the section H 
> 60 kOe, which corresponds to the f i r s t  antinode, the 
value of F turned out to be, at  the s ame  accuracy, equal 
to 9 .4x  lo6 Oe, corresponding already to the central 
section of the cigar. For the "intermediate" second 
antinode, F was measured with somewhat better accu- 
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FIG. 2. Measurement of the 
thermoelectric power U(H) in 
sample Be-1 with increasing 
heating. The upper and lower 

- -8000 curves are the values of the 
corresponding maximum and 
minimum values of U in the 

-1611 - - -16000 magnetic field H 72 kOe for 
different currents; the scale 
to the left of the arrow is  

- -24~00 magnified 100 times. Satura- 
tion of the oscillation ampli- 
tude is observed at I =250 mA. 

-3fL"7 I;@ 2;o i - 0  -32000 
I. mA 

racy and turned out to be 9.495, 9.496, and 9.503X lo6 
Oe a t  different sections. Such a restructuring of the 
fundamental frequency, which can be observed also di- 
rectly in the variation of the depth of modulation, indi- 
cates that in strong magnetic fields, a t  W T  > 1, magnetic 
breakdown comes into play, and i t  i s  typical here that 
the amplitude of the oscillations in these fields becomes 
la rger  than the monotonic component, while the voltage 
U becomes of alternating sign. 

The increased heating a s  a result  of the increase of 
the current  through the contacts 1 and 2 leads to a 
change in the distribution of the temperature over the 
sample and accordingly to a change in the values of both 
the monotonic part  of the thermoelectric power and of 
the amplitude of the oscillations. Figure 2 shows the 
dependence of the variation of the potential at  the maxi- 
mum (upper curve) and the neighboring minimum of the 
thermoelectric power in a magnetic field H =  72 kOe on 
the current. In the left side of the figure the scale i s  
increased 100 times. It is seen that the amplitude of 
the oscillations f i r s t  increases, then reaches saturation 
and remains subsequently unchanged, while the negative 
value of the monotonic component increases. This indi- 
cates that the sample is long enough and the temperature 
of the cold contact remains unchanged, i. e., T,= 4.2 K 
at  all values of the current. (Experiments with a short  
samplec8' have revealed a "collapse" of the oscillations 
following an  increase of the current, owing to the heat- 
ing of the "cold" contact. ) Assume that the temperature 
dependence of the differential thermoelectric power 
S ( H ,  T) has, a s  is usual for  the case  of Landau oscilla- 
tions, a factor exp(- 2 ~ ~ k ~ / t i w )  that decreases rapidly 
with temperature. Then, in the measured integral de- 
pendence of the thermoelectric power on the heating of 
the contact S 

: , ,tit0 'l', a r e  the teriiperatures of the cold and hot con- 
tacts b and 5) In the magnetic field H =  70 kOc, satura-  
t ~ o n  should be observed a t  a temperature difference - 4 
K (the rat io of the effective mass  of the electron to the 
free mass  for this section i s  m * / m  = 0.17 ["I). It can 
therefore be concluded that a t  a current  250-300 mA the 
heat r i s e  amounts to - 4 K and T,- 8 K. 

Comparison of the measurements of the thermoelec- 
t r i c  power on different contacts has  shown that its value 
decreases  abruptly with increasing distance from the 
current  contacts. Figure 3, the upper par t  of which 
shows schematically the arrangement of the current  and 
the potential contacts, gives the values of the amplitudes 
of the voltage oscillations from peak to peak on the con- 
tacts  3, 4, and 5 relative to the contact 6 in a magnetic 
field Hz 72 kOe for two values of the currents, I=  250 
mA (upper curve) and I= 140 mA (lower curve). The 
voltage on contact 5 was in both cases  a t  the noise level 
- 2 x  lo-' V. Of course, one cannot deduce at  all from 
two points whether the potential drop along the sample 
is exponential, and the straight l ines in the figure a r e  
drawn arbitrari ly,  but these results  confirm that the 
contact 6 can actually be regarded a s  sufficiently "re- 
mote" and that the est imate of the temperature drop in 
this case  is correctly performed. 

It is of interest  t o  t race  for  the qualitative and quan- 
titative variations in the behavior of the thermoelectric 
power when measurements a r e  made on a purer  sample 
of beryllium (Be-2) with a resistivity rat io p,,,/p,., 
= 500 (transverse dimensions O.15x 0.15 mm, C perpen- 
dicular to the sample axis). Despite the large ratio of 
the length to  the t ransverse  dimensions, the increase of 
the current  in this sample in normal helium (T= 4.2 K) 
influences the temperature of the outermost contact 6, 
this  being due to i t s  higher thermal conductivity. In 
superfluid helium, however, the increase of the heat 
t ransfer  coefficient already leads to a sufficiently abrupt 
decrease of the temperature along the sample, and the 
contact 6 could be regarded a s  s~dficiently remote, just 
a s  in the case  of sample Be-1 considered above. There- 
fore  the principal measurements on sample Re-2 were 
made a t  T = 2 K.  h he holder with the sampIe was 
.placed in this  case  in additional cryostat inserted in the 
solenoid. ) 

The effective magnetic fields for  this sample a r e  
much stronger than for  Be-1, and magnetic breakdown 
appears already in relatively weak magnetic fields. 
This leads, a s  usual, t o  the onset of a narrow deep min- 
imum of the magnetoresistance on the rotation diagram 
a t  H II C. The angle oscillations with increasing angle 3 
between H and C, s imilar  to those noted earlier,c5'121 
a r e  hardly observable. The dependence of the magneto- 

FIG. 3. Arrangement of the con- 
tacts (top) and variation of the os- 
cillations of the voltage UW) over 
the Be-1 sample for two values of 
the current: I =250 mA (uppe; 
curve) and 140 mA (lower curve) 
in a magnetic field H a 72 kOe. 

1163 Sov. Phys. JETP 45 (6). June 1977 V. S. Egorov 1163 



FIG. 4. Rotation diagram of thermoelectric power U ( H )  in 
sample Be-2 at T = 2 K in a magnetic field H = 48 kOe. 

resistance at the minimum :)= 0 goes to a maximum at 
H = 35 kOe and then saturates, with a superposition of 
giant resistance oscillations whose magnetic frequency 
is  determined by the central section of the cigar (see 
Fig. 7 below), and whose amplitude decreases sharply 
with increasing angle 9. A strong anisotropy i s  ob- 
served also in the dependence of the thermoelectric 
power on the angle 9, a s  shown in Fig. 4. The ex- 
tremum at 9 = 0 i s  due to oscillations of the thermoelec- 
tr ic power, and when the magnetic field i s  shifted by 
half a period, a similar peak i s  oppositely directed. 
Angle oscillations a re  observed also a t  9> 0, but their 
amplitude i s  already one tenth a s  large a s  the amplitude 
of the central extremum. It must be stated, a s  already 
noted earlier, C121 that the relative magnitude of the amp- 
litude of the quantum oscillations in beryllium at 9> 0, 
due to the formation of elongated but nonetheless closed 
magnetic-breakdown trajectories, should decrease with 
increasing mean free path. Thus, for the sample Be-1 
there i s  no abrupt change in the amplitude of the os-  
cillations near 8= 0; for  the sample with the resistivity 
ration p3,,/pC2 = 1 0 0 ~ ~ ~  the arnplitude decreases to ap- 
proximately one-half; f o r  the measured sample (13e-2) 
it decreases by a factor of 10, only one deep extremum 
(a maximum o r  a minimum, depending on the magnetic- 
field phase) i s  observed at 9 = 0 for the sample Be-3 
with the resistivity ratio P ~ ~ ~ / P ~ ~ ~  1000, and there a r e  
no angle oscillations at 9> 0. 

The dependence of the amplitude of the oscillations of 
the thermoelectric power and of i t s  monotonic compo- 
nent in sample Be-2 on the current through contacts 1 
and 2 is similar to the dependence shown in Fig. 2 for 
Be-1, but quantitatively the difference is very large. 
Figure 5 shows a plot of the thermoelectric power 
against the mkne t i c  field for 3= 0 and a current I =  320 
mA, at which saturation of the oscillation amplitudes 
takes place with increasing heating, i. e., approximate- 
ly at the same o r  somewhat smaller temperature of the 
hot contact 3 a s  in Fig. 1 ( T, = 7- 8 K). The amplitude 
of the oscillations increases with the magnetic field and 
reaches a value -700 p V  from peak to peak in a field H 
- 80 kOe. The low-frequency component is due to the 
Shoenberg effect"31 (see also the pertinent discussion 
below). 

It is clearly seen that the monotonic part of the ther- 
moelectric power is no longer dependent on the mag- 
netic field in strong fields. Figure 6 shows plots of the 
monotonic part of the signal against the magnetic field 
for different values of currents through the contacts 1 
and 2. The lower curve corresponds to the plot in Fig. 
5, i. e., to a current 320 mA at a temperature T,- 7-8 
K. The remaining curves correspond to smaller tem- 
perature drops, obtained in weaker currents: 220, 180, 
100, and 60 mA (reading upward). On the lower left is 
shown, in magnified scale, a section of the lower curve 
in weak magnetic fields. Just a s  in Fig. 1, the signal 
reverses sign, but here this occurs in a field H = 1 kOe. 
It cannot be stated, however, that the reversal of the 
sign pertains to the thermoelectric power of the sample, 
since the observed voltage, a s  already noted above, 
corresponds to a difference in the thermoelectric power 
of the sample and of the measurement contacts, and 
therefore the true position of the zero  of the thermo- 
electric power remains somewhat indeterminate. 

In a magnetic field H- 7 koe, all curves have a no- 
ticeable tendency to saturation, followed again by an in- 
crease and saturation in strong fields, and at H 2  50 kOe 
the plots a r e  fully saturated, in agreement with the re- 
sults obtained by Blatt et  al.['' It should be noted that 
for the Hl C direction, when there i s  no magnetic break- 
down, similar U(H) plots were obtained for the sample 
Be-3, with the saturation setting in already at H * 5 koe.  
This may indicate that magnetic breakdown leads to a 
substantial change in the limiting value of the thermo- 
electric power U(H),,, . 

FIG. 5. Plot of the thermoelectric power 
U(H)  for Be-2, the contact temperatures are  
-8 and 2 K, and the magnetic frequency is F 
= 9 . 4 ~ 1 0 ~  Oe. 
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FIG. 6. Plots of the monotonic components of the thermoelec- 
tric power against the magnetic field. The lower curve cor- 
responds to the plot of Fig. 5, and the others were obtained 
at smaller values of the heat rise. The insert in the lower 
left shows a section of the curve in magnified scale. 

As already noted above (see Fig. 5), low-frequency 
envelopes a r e  observed over the maxima and minima of 
the oscillations of the thermoelectric power, and a r e  
connected with the onset of the Shoenberg effect, The 
mechanism whereby s imi lar  envelopes a r e  produced in 
the magnetoresistance was considered by Reed and Con- 
don.16' It makes sense to compare here  the dependence 
of the magnetoresistance of this sample in the H I1 C di- 
rection (see Fig. 7) a t  T = 2 K with the dependence of the 
thermoelectric power U(H) in the case  of a slight tem- 
perature r i s e  -0 .1  K, when i t  can be assumed that the 
entire sample is also at  T = 2 K and the Shoenberg effect 
manifests itself most strongly (Fig. 8). It i s  easily 
seen that the thermoelectric-power oscillations take an  
essentially different form and the low-frequency oscilla- 
tions have different locations than in the oscillations of 
the magnetoresistance. The Shoenberg effect leads to 
induction jumps AB in the B ( H )  plot of the sample; 
these jumps a r e  located a t  the maxima of the differen- 
tial susceptibilities dM/dH and a r e  l a rge r  the la rger  the 
maximum. The oscillatory dependence of the suscep- 
tibility of beryllium on the magnetic field in the H l i  C 
direction is amplitude-modulated a s  a result  of the 
presence of contributions from the central and noncen- 
t r a l  extremal sections of the cigar. The contribution 
from the noncentral section, which is 3% larger,  pre- 
vails and since the oscillations of the magnetoresistance 
a r e  determined by the central section, the minima and 
maxima of p(B)  coincide with the locations of the jumps 
AB in the antinodes and nodes, respectively, the values 
of AB being smaller  a t  the nodes; the minima a r e  in this 
case "singled out" more  strongly, a s  i t  were, and the 
envelope over the minima has a noticeably la rger  ampli- 
tude than the envelope over the maxima. The oscilla- 
tions of the thermoelectric power a r e  a l so  determined by 
the central section of the cigar, but they a r e  shifted in 
phase by one-quarter period, therefore the extrema of 
the U(B) plot coincide with the locations of the jumps 
AB approximately halfway between the antinodes and 
the nodes, and no difference is observed between the 

amplitudes of the envelopes over the maxima and mini- 
ma. For the same reason, the positions of the extrema 
of these envelopes a r e  shifted relative to the magnetic 
field, likewise by one quarter  of a period of the differ- 
ence frequency. This circumstance provides an addi- 
tion possibility of determining, for  beryllium, the phase 
of the measured oscillations relative to the oscillations 
of the susceptibility, since the values of the magnetic 
field in the antinodes and nodes a r e  fully determined. 

The Shoenberg effect leads a lso  to a characteristic 
distortion of the waveform of the thermoelectric-power 
oscillations, which becomes noticeably non-sinusoidal. 
Figure 9 shows a stretched-out plot of the thermoelec- 
tric-power oscillations a t  T = 2 K. The s t a r t  of the 
plot a t  H = 46 kOe corresponds to the location of the jump 
A B  a t  the minima. With increasing magnetic field, the 
location of the jump relative to the phase of the oscilla- 
tion changes (the jumps occur more  frequently), and the 
picture repeats after 33 periods. The very same be- 
havior was observed in the variation of the waveform 
of the magnetoresistance oscillations. 

In zinc and magnesium, the situation is qualitatively 
close to that in beryllium, magnetic breakdown occur- 
ring in the basal plane in these metals in weaker mag- 
netic fields. In addition, the amplitude of the oscilla- 
tions of the magnetoresistance, both in z i n ~ ~ ~ ' ' ~ '  and in 
magnesium,c41 i s  much l e s s  than in beryllium, even for  
samples of substantially better  quality. Measurements 
of the thermoelectric power were made on a sample of 
magnesium (p,,,/p,.,- 1300, C perpendicular to the 
sample axis) and two zinc samples, for  which p,,,/p,, 
= 3000 and C is parallel to the axis  in one sample ( ~ n - 1 )  
and perpendicular in the other (Zn-2). In all three sam- 
ples oscillations of the thermoelectric power were ob- 
served at  H 1 1  C ,  with a magnetic frequency determined 
by the central section of the electron ellipsoid in the 
third zone: the cigar for magnesium (F = 2.22x 10' Oe) 
and the needle fo r  zinc (F= l . 5 x  lo4 Oe). Owing to the 
good thermal conductivity, it was impossible to obtain 
for  these samples the dependence of the oscillation am- 
plitude on the heat r ise,  which exhibited saturation just 
a s  in the case of beryllium. The amplitude increased 

FIG. 7. Magnetoresistance of Be-2 at H 11 C, T a 2  K. 
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FIG. 8. Plot of the thermoelectric power 
S(H) for Be-2 at T 2 K and at a contact-tem- 
perature difference - 0.1 K. The low-fre- 
quency components appear as  a result of the 
Shoenberg effect'''' (the same as in Fig. 7). 

everywhere approximately quadratically with the cur- 
rent and, in addition, no abrupt decrease of the signal 
was observed likewise with increasing distance from 
the current contacts, so  that the observed signal cor- 
responded to a certain very small temperature drop. 
Figure 10 shows a plot of the thermoelectric power sig- 
nal for sample Zn-2 at H II C. In the analogous plots of 
Zn-1, when H is parallel to the sample axis, a much 
larger relative magnitude of the monotonic components 
of the signal is observed. This i s  apparently due to the 
very large thermal conductivity of the sample along the 
magnetic field. In both samples, a certain influence of 
the spin splitting on the shape of the oscillations peaks 
is observed, a s  was observed also in the magnetoresis- 
tance.[*' 

In contrast to hexagonal metals, the magnetic break- 
down in aluminum takes place a t  magnetic-field orien- 
tations relative to the crystal axis, a situation previous- 
ly investigated in detail by measuring the magnetore- 
~ i s t a n c e . ~ ~ " ~ '  The thermoelectric-power measurements 
were carried out here only near the direction H ll [loo], 
when a one-dimensional network of magnetic-breakdown 
trajectories is produced along [OlO] and giant oscilla- 
tions of the magnetoresistance and of the thermoelectric 
power take place. The faces of the investigated sample 
were perpendicular to fourfold axes, and therefore the 
measurements of the sample were made in both a trans- 
verse and a longitudinal magnetic field. The results did 
not differ noticeably in the two cases. Figure 11 shows 
a plot of U ( H )  for a magnetic field parallel to the sample 
axis. The amplitude of the oscillations greatly exceeds 
the monotonic component, and the magnetic frequency 
F = 0.464x 10' Oe corresponds to the /3 section of the 
sleeve in the third band.c7'151 Just a s  in the zinc and 
magnesium samples, no abrupt decrease of the voltage 
was observed with increasing distance from the current 
contacts, thus indicating a small temperature gradient. 
Comparison with the results of the measurements inc9' 
yields for the plot in Fig. 11 an estimate AT- 0.03 K 
for the temperature difference. 

DISCUSSION OF RESULTS 

Our measurements show that in strong effective fields 
a saturation of the thermoelectric power S ( H ,  T) is ob- 

served a s  a function of H, in agreement with the results 
of Blatt et  al.,[ll the monotonic component being S(H, 
T),,, >> S(0, T), and under conditions of magnetic break- 
down this manifests itself particularly strongly. In 
addition, the magnetic breakdown leads to the onset of 
giant oscillations of the thermoelectric power, with an 
amplitude that can exceed by many times the monotonic 
component. Taking into account the very large value of 
the amplitude of the thermoelectric power, it should be 
noted that in measurements, for example, of even a 
small magnetoresistance, the measurement currents in 
liquid helium, under conditions of magnetic breakdown, 
can lead to noticeable thermoelectric effects, despite 
the very small possible heat rise. Gn the other hand, 
it is much easier to observe the quantum oscillations 
by the described method than, for example, resistance 
oscillations, and the requirements with respect to the 
quality of the measured samples a r e  much less  strin- 
gent. Thus, voltage oscillations of noticeable amplitude 
(on the order of several microvolts) were observed in a 
magnesium sample of relatively low quality at T = 4.2 K, 
whereas oscillations of the resistance could be seenc4] 
only for samples with p,,,/p,2 lo5. The foregoing 
seems to pertain generally to quantum oscillations of 
the thermoelectric power (not necessarily under mag- 
netic-breakdown conditions), a s  is seen with the results 
of measurements of "dirty" beryllium a s  an example 
(Fig. 1 )  at W T  < 1, where the role of the magnetic break- 
down is negligible, and also of the oscillations of the 
thermoelectric power in beryllium at H 1 C, which were 
noted inc8'. 

In conclusion, notice should be taken of the large 
quantitative disparity between the observed amplitude 

'of the oscillations of the thermoelectric power, espe- 

FIG. 9. Influence of the Shoenberg effect on the waveform of 
the oscillations. Stretched-out part of S(H) at T = 2 K for Be-2. 
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cially in sample Be-2 (Fig. 5), on the one hand, and 
formula (3) on the other. According to the plot of the 
magnetoresistance a t  T =  2 K (Fig. 7) in a magnetic field 
" 70 kOe, the relative change In( ~ p / p )  in one half cycle 
is - 1, and the corresponding value is AE = Kw/2= 2.5 

eV. If we substitute these values in (3), then we 
obtain for the thermoelectric power S- 20 pv/K, which 
is smaller by almost one order of magnitude than that 
observed in experiment. It is difficult to attribute so  
large a discrepancy to the lattice contributions to the 
thermoelectric power. It was already noted earlierCB1 
that the motion of the electrons in a narrow layer of 
open magnetic-breakdown trajectories in a strong elec- 
t r ic  field can lead to the onset of a nonequilibrium situa- 
tion. The reason is that only a very small group of 
electrons in the narrow magnetic-breakdown layer par- 
ticipate in the charge transfer and accordingly in the 
absorption of the energy of the electric field, and iso- 
tropization in momentum space, mainly a s  a result of 
elastic collisions with impurities, does not change with- 
in a time T the non-equilibrium increment to the energy, 
which is dissipated within a much longer time. It is 
obvious that this "superheating" in the narrow layer of 
momentum space is larger  the larger the mean f ree  
path and the stronger the electric field. In the measure- 
ments described above, the current through the contacts 
1 and 2 leads to local heating near the contacts, and 
heat flow is produced along the sample, which is also 
transported by a small group of electrons in the narrow 
magnetic-breakdown layer. In this case the energy lev- 
e ls  of the electrons in the magnetic field do not overlap 
in the entire layer of the open magnetic-breakdown tra- 
jectories, because of two circumstances that a r e  typi- 
cal of beryllium: narrowness of the layer, i. e., small- 
ness of ( apJ2/rn (Oz is the direction of the magnetic 
field) compared with KWH all the way to fields H- 5 kOe, 
and the fact that the cigar is cylindrical, i. e., all the 
orbits in the layer have the same period. This leads, 
in a good crystal with large mean f ree  path and a t  not 
too high a probability of magnetic breakdown, to a nar- 
row magnetic breakdown band, the spectral width of 
which is comparable with kT. Since the entire charge 
and heat transfer is due to electrons of this band, whose 
position relative to the Fermi level is determined by 

FIG. 10. Plot of the thermoelectric power 
U ( H )  at T = 4.2 K for the sample Zn-2 at H IIC, 
~ = 1 . 5 x 1 0 ~  Oe. 

the magnetic field, there occur on the Fermi level very 
large gradients of the conduction in energy ("transpar- 
ency" of the magnetic-breakdown trajectory) of either 
sign. Accordingly, an anomalous electric field of the 
thermoelectric power is produced (on the order of 1 
mv/mm for Be-2, corresponding to the electric field 
of a current on the order of 10' ~ /cm') .  In this case 
the result of the theory of can apparently no longer be 
used, for the following reasons: 

It is knownt2' that from the generalized transport 
equations 

the electric field a t  I = 0 is 

(S is the thermoelectric power) and the heat flux is 

FIG. 11. Plot of the thermoelectric power UH) in aluminum, 
magnetic field parallel to the sample axis, F =4.64X 10' Oe. 
The scale to the right of the arrow is decreased by a factor of 
10. 
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(x is the thermal conductivity). Generally speaking, K ,  
a r e  tensors in a magnetic field, but for a compensated 
metal the problem can be regarded with high accuracy 
a s  one-dimensional, i. e., the electric field and the 
temperature gradient can be assumed directed along the 
sample. For metals one usually neglects the second 
term in the parentheses and the Wiedermann-Franz re -  
lation is obtained 

nap 
,XE- 

3.2' 
To, or x=aTL, 

where the Lorentz constant is L = 2.44X lo-" v'/K'. In 
the case of large S, this neglect is incorrect and the 
substitution leads to the relation 

i. e . ,  in order for the Wiedermann-Franz law to be 
satisfied it is necessary to have s2 <<L, which is the 
case a s  a rule in metals. 

In the present measurements on Be-2, the thermo- 
electric power was precisely such that s'sL. Compar- 
ison with the earlier  measurement^[^' and with the mea- 
surements on Be-l, where S is much smaller and the 
discrepancy with formula (3) is smaller, gives ground 
for expecting to obtain in purer samples an even larger 
value of S. With increasing S, the determinant of the 
system (4) tends to  zero, meaning that the system ap- 
proaches an unstable state and the relaxation time in- 
creases. In this case formula (3), obtained within the 
framework of validity of the Wiedemann-Franz law, is 
no longer valid for a quantitative comparison with ex- 
periment, and the situation in the crystal can apparently 
no longer be described by the distribution of the local- 
equilibrium temperature. At S' = L the system (4) de- 
generates into U =  TSZ and it can be assumed that either 
this situation cannot be attained, o r  in this case the 
transport processes can be described already by non- 
linear equations even a t  large I and U. 

The mutual relation of the nonequilibrium situation 
with the large value of S can be determined also from 
the following simple considerations. An estimate of the 
decrease of the temperature a s  a result of the Peltier 
effect yields, when (6) is taken into account, AT/T 
-s'/~(L - s2). It is clear that at sufficiently large S the 
crystal cannot be described by a gradient of a local- 
equilibrium temperature, and that this formula becomes 
incorrect. 
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