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The transverse thermoelectric power developed by high-purity aluminum single crystals of the [I001 and 
[I101 orientations was measured in magnetic fields up to 150 kOe. New oscillations of 2 . 3 7 ~  lo-' and 
0.259x lo-' 0e-'  periods were observed in fields above 60 and 120 kOe, respectively. The first period 
was due to multiple coherent scattering of electrons by magnetic breakdown regions in the momentum 
space. The second period was associated with the presence of an extremal section in the longitudinal 
direction of an electron tube. 

PACS numbers: 72.15.Jf 

It has been established in several experimental in- 
vestigation~['*~ that measurements of the thermoelec- 
tric power in a magnetic field provide a convenient 
method for investigating various quantum effects which 
appear in metals as  a result of coherent magnetic 
breakdown (breakthrough). It is known that under the 
magnetic breakdown conditions the only important 
interband transitions are those which occur in the parts 
of the p space where the distances between the clas- 
sical trajectories are less than x112b, (% is the quasi- 
classical parameter, defined by % = etiH/cb2,; b, is the 
typical size of a unit cell in the p space). 

Coherent quantum effects are very sensitive to ex- 
ternal perturbations. They can be observed only if 
wH7,>> 1 and w,?,>> 1 (w, is the cyclotron frequency, 
7, and 7, are the electron relaxation times for the scat- 
tering by impurities and dislocations, respectively). 
Inhomogeneity of the magnetic field does not destroy 
the electron-wave coherence i f  this inhomogeneity does 
not exceed 1% per 1 cm, which is  easy to achieve in 
experiments. The most difficult to satisfy is the condi- 
tion wHra>> 1. A dislocation density Nu of the order of 
lo6 cmQ is  typical of single crystals of the majority of 
metals. According to Morgun et uZ.,[~' the dislocation 
density in aluminum single crystals with the resistance 
rati0R,~,~~/R,~,,~-27000 isN,-10' cm*. At this dis- 
location density we may observe coherent effects be- 
ginning from fields of the order of 10 kOe. 

It has been that aluminum exhibits a 
magnetic breakdown trajectory which penetrates all the 
reciprocal space at the hole zone sites passing along an 
electron i3 orbit as a bridge. The occurrence of a deep 
minimum in a thermoelectric power peak, observed on 
rotation of a sample near H 11 [loo], and also the quad- 
ratic rise of the monotonic part of the magnetoresis- 
tance with increasing field along the magnetic break- 
down d i i r e c t i ~ n s , ~ ~ * ~ ~  clearly indicate that a two-dimen- 
sional region of open trajectories appears in aluminum 
as a result of magnetic breakdown. 

We shall report the construction of a stereographic 
projection of a region of magnetic breakdown trajec- 
tories of aluminum and discovery, in strong magnetic 

fields, of new thermoelectric power oscillations. The 
fairly detailed information available on the singularities 
of the constant-energy surface of aluminum and the 
small number of electron orbits participating in mag- 
netic breakdown make their interpretation relatively 
simple. 

EXPERIMENTAL METHOD 

Our investigation was carried out on aluminum 
single crystals oriented along the [I101 (No. 1) and 
[loo] (Nos. 2 and 3) directions. The precision of the 
orientation was at least 2-3". Samples of 4 x 4 X 14 mm 
dimensions were cut from a zone-purified aluminum 
ingot. A disturbed surface layer was removed by 
etching; after annealing and electropolishing, the 
quality of the crystals and their orientation were 
checked by an x-ray method. The residual resistance 
ratio R,,o,/R,,,K (RRR) of the samples prepared for 
investigationwas 19500, 19000, and 20000. A 
temperature gradient was created by an electric heater 
mounted on one of the ends of the sample. The homo- 
geneity of the heat flow was improved by inserting 
heating elements in a series of through apertures 
drilled parallel to the end wall. Good thermal contact 
between the heating elements and the sample was en- 
sured by filling these apertures with a composition 
characterized by a sufficiently high thermal conduc- 
tivity at helium temperatures. The thermoelectric 
power of aluminum was measured relative to lead (of 
the S-0000 grade); a lead wire 0.3 mm in diameter, in- 
sulated from the sample by a thin insulating spacer, 
was in thermal contact over its whole length and in 
electrical contact only at one point at the "warm" end. 

The assembled sample was wrapped in a large num- 
ber of layers of thin paper and was then placed in a 
protective can made of a nonmagnetic material; the 
"cold" end and all the electrical contacts were im- 
mersed in liquid helium. The sample was rotated and 
inclined by a rotating device built in fccordance with 
the description given by Alekseevskii et  ~ 1 . ~ ~ '  The 
positions of the crystallographic axes of the sample 
relative to the H={O, 0, H) field were determined from 
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the peaks of the angular distribution of the thermo- 
electric power by smooth variation of the tilt of the 
sample. When the sample was aligned correctly, the 
peaks should be maximal and equal. The temperature 
gradient across the sample was estimated using a 
Cu-(Au+ 0.0'7%~ Fe) differential thermocouple calibrated 
in a magnetic field. When a sample was rotated in a 
magnetic field, there were no changes in the thermo- 
couple readings. Measurements were carried out at 
average temperatures of the sample 2.4 and 4.8% in the 
field of a Bitter solenoid of up to 150 kOe intensity. The 
inhomogeneity of the field in the working volume did 
not exceed 0.25% per 1 cm. The thermoelectric power 
was recorded continuously on a chart: the relative er- 
ror of these measurements did not exceed I-%. 

We investigated the topology of the region of mag- 
netic breakdown trajectories. This was done by re- 
cording the same thermoelectric power peak in a field 
of constant intensity varying the angle of tilt 9 of the 
longitudinal crystallographic axis of the sample in a 
plane passing through this axis and the magnetic break- 
down direction. The field dependences of the thermo- 
electric puwer were recorded dong the magnetic break- 
down direction in the crystal for a fixed position rela- 
tive to the field H. The main difficulty was to ensure 
a constant orientation of a sample in a varying magnetic 
field. The high quality of the investigated samples re- 
sulted in the generation of considerable Foucault cur- 
rents, which gave rise to a considerable mechanical 
torque. The retention of the initial position in the re- 
cording of the field dependences was monitored by 
checking whether the resultant records were repro- 
ducible. Deflection by just a few angular minutes al- 
tered the nature of the curve. Since such a high preci- 
sion of positioning of the sample could not be guaran- 
teed in our apparatus, the correctness of the results 
obtained was checked by recording also the angular 
dependences of the same thermoelectric power peak for 
different values of the magnetic field. The control de- 
pendences on the field were then plotted point by point. 

RESULTS OF AN INVESTIGATION OF THE 
PROFILE OF THERMOELECTRIC POWER PEAKS 

The profiles of thermoelectric power peaks obtained 
by rotating a sample through an angle cp in a trans- 
verse magnetic field were investigated with the sample 
inclined at an angle 9 in a plane passing through its 
longitudinal crystallographic axis and the magnetic 
breakdown direction. Since the peak profiles were 
found to be symmetric relative to the central position 
(9=0°), we reproduced in Fig. 1 only the results ob- 
tained for one inclination of the sample relative to this 
position. 

It is clear from the reproduced records that the 
height and width of the thermoelectric power peaks 
differed considerably in the central position. In the 
case of the samples oriented along the [loo] axis, the 
width of the peaks at 0.7 of the maximum height was 
-lo, whereas for the samples oriented along the [I101 
axis it was 4-5". Moreover, in the former case the 

FIG. 1. Records of thermoelectric power peaks obtained by in- 
clining a sample relative to the central position (0 = 0) in a 
plane passing through the longitudinal crystallographic axis and 
the magnetic breakdown direction. The record on the left was 
obtained when the sample was oriented along the [I101 axis in 
a field H=88.8 kOe and the right record when the sample was 
oriented along the [I001 axis in a field H= 94.5 kOe. The posi- 
tion of the H scanning line at the moment of record is  repre- 
sented by a thin horizontal line in the stereographic projection 
of the region of magnetic breakdown trajectories. 

peak was split into two by a deep dip, whereas in the 
latter case the top was almost flat with just two or 
three shallow minima. 

An increase of 9 from 0 to 0.25 had hardly any in- 
fluence on the profile of the thermoelectric power 
peaks exhibited by samples Nos. 2 and 3 (orientation 
along the [loo] axis). The changes appeared only in the 
range 9 a  0.5O, when the signal became weaker and 
broader; the deep dip was replaced with a maximum. 
In this way the top of a peak was found to consist of 
three maxima and two shallow minima. Further in- 
crease in 9 reduced rapidly the amplitude of the peaks 
until they became indistinguishable against the noise 
background (0.3 @V). 

In the case of sample No. 1 ([I101 orientation) an in- 
crease in the tilt angle 0 reduced the peak width. 
First, the narrowing was accompanied by an increase 
in the peak height and dip depth. Then, in the range 
9 2  0.5 there was no further rise of the height, the dip 
depth decreased, and the peak became bell-shaped at 
t9 = 1 O. Finally, it disappeared in the noise background 
when the tilt angle reached 9 = 2.54 

RESULTS OF AN INVESTIGATION OF THE FIELD 
DEPENDENCES OF THE THERMOELECTRIC POWER 

In recording the field dependences of the thermoelec- 
tric power, the sample was set in its central position 
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FIG. 2. Oscillations of the thermoelectric power of sample No. 
3 (oriented along the [lo01 axis) in a magnetic field. The insets 
show the peaks in an angular distribution with arrows identi- 
fying the magnetic breakdown trajectory at  the moment of rec- 
ord. The records were obtained at T= 4.8 O K ;  in all cases A T  
was the same: -1 OK. 

(9 = 0). The investigated point within the region of mag- 
netic breakdown trajectories was selected by rotating 
the sample in a transverse magnetic field. The field 
dependences of the thermoelectric power of sample 
No. 3 are presented in Fig. 2. 

The thermoelectric power recorded as  a function of 
H at the top of the peak in the HI) [OlO] rt0.5" orientation 
(Fig. 2a) consisted of three periodic components, each 
of which was a simple harmonic of H". The oscillation 
periods differed considerably and this made it possible 
to separate them easily: A ( ~ / H ) =  21.7 x lo7, 2.37 
x loq, and 0.259 x 1070e". The period of the low- 
frequency oscillations coincided with the de Haas-van 
Alphen (dHvA) period for the I3 orbit, as  pointed out 
earlier.[l3I In the temperature range 2.4-4.8"K the 
amplitude value of the B oscillations varied exponen- 
tially with respect to the reciprocal field (up to H 
-60 kOe). The oscillationswiththe period 2.37x 10''0e-' 
(E oscillations) and those with the period 0.259 X 10- 
Oe" (v oscillations) were observed by us for the first  
time (Table I). The E oscillations averaged over the 
frequency became clearly distinguishable in H-65 kOe 
but the v oscillations were distinguishable only in H 
-120 kOe. Their appearance coincided with a reduction 
in the amplitude of the j3 oscillations. 

At the point corresponding to the middle of the deep 
minimum the thermoelectric paver was practically un- 
affected by the field: saturation was observed. In the 

TABLE I. Periods of oscillations corresponding to extremal. 
sections of the Fermi surface of aluminum in the (100) plane. 

Second zone 

k g c  hole $ orbit I 0.0225 1'" 1 - 1 2.37. 

Otbit 

-- 

Thkd zone 
Foursomered ring orbit 0.115 ["I 
ditto, Intcmd 1 o.a;[~ol I 0 . m  [12j 1 I 
ditto, external 0.101 ['O] - 
thickening at junctiomof two 21.i4 ["I; 21.3 [ I J ]  21.8 [*I; 21.7 
tuber (B orbit) I - 

A(l/H)X 0 ~ ' '  

dona tube I 0.21111Qj I - 1 0.250 

Calculation 

*Interference period. 

Expcrlment 

I thennwlce. power 
~ W A  effect ** *". rsdrtivity 

case of the "binary" sample (No. 1) the saturation of 
the thermoelectric power was also retained at the 
center of the minimum. A slight deviation from the 
center of this narrow minimum gave rise to a thermo- 
electric power component, which oscillated with the 
field. For example, in the HI1 [ O l O ]  k0.4' position the 
resultant curve already consisted of two periodic com- 
ponents representing the and v oscillations, and the 
oscillations with the frequency v had the higher ampli- 
tude. The v oscillations were observed most clearly 
when the temperature of the sample was lowered to 
2.4"K and then they appeared in weaker fields. An es- 
timate of the cyclotron mass of the carriers participat- 
ing in v oscillations yielded the value m*/m = 0.45, 
which was deduced from the temperature dependences. 

At a point lying in a steeply falling part of a peak 
when the field was H ( 1  [ O l O ]  i0.8" (Fig. 2b) the resultant 
experimental curve again consisted of two periodic 
components: P and c oscillations. The shape of the 
curve was now much more complex. It could be re- 
garded a s  a superposition of two periodic oscillations, 
in which the oscillations with the average frequency 
were modulated by slow additional oscillations. Cooling 
to 2.4"K did not produce any significant change in the 
amplitude of the E oscillations. Rotation of H about the 
[ O l O ]  axis through an angle 40 > 0.8" was accompanied by 
a strong reduction in the amplitude of the B oscillations 
and complete disappearance of the a oscillations. 
Nevertheless, weak (3 oscillations with the period 
A(l/H) -20 X lo7 Oe" were observed even when the 
rotation angle (p was 45". 

A l l  the field dependences of the thermoelectric 
power obeyed certain general relationships associated 
with the presence of a nonoscillatory background which 
was clearly due to the Nernst-Ettingshausen effect: 
when the field direction was reversed, the sign of this 
background was also reversed. Moreover, smooth 
parts of the nonoscillatory curve alternated with jumps. 
This could be a consequence of the fact that in a strong 
magnetic field a sample splits into alternate domains 
with the inductions B, and B,, where B, * B, (Shoenberg 
effect).[l4] 
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1. Stereographic projection. The dependences of the 
thermoelectric power on the angle rp in the magnetic 
breakdown direction (Fig. 1) can be interpreted as 
followsc15': the points a and b correspond to a boundary 
of a two-dimensional region of open trajectories, 
which form in aluminum as a result of magnetic break- 
down; the point c corresponds to the center of this 
region. The dimensions of the region and all its 
topological features are explained by the stereographic 
projection shown in Fig. 3. The absence of a deep 
minimum in the angular distribution of the thermoelec- 
tric power in the central position of a sample oriented 
along the [I101 axis may be a consequence of the nar- 
rowness of the layer d open trajectories in this direc- 
tion: in this case, even a small deviation of the longi- 
tudinal axis from [I101 and the unavoidable inhomo- 
geneity of the magnetic field can give rise to the ob- 
served dependence. However, we cannot exclude the 
possibility of a change in the type of trajectory, i.e., 
the appearance not only of open but also of closed or- 
bits. A comparison of the experimental results with the 
stereographic projection (Fig. 1) shows that scanning 
with H makes the height of the thermoelectric power 
peak dependent on the angle 6, i.e., on the distance of 
the scanning line from the symmetry axis of the crystal. 
When this line passes through the center of the mag- 
netic breakdown region, the peak is greater than in the 
"whisker intersection" case. 

In fields up to 47 kOe intensity the topology of the 
magnetic breakdown region was investigated using ap- 
paratus and samples described by us earlier.c163 The 
results of this investigation yielded the conclusion that, 
in the investigated range of fields, the region of open 
magnetic breakdown trajectories is limited to two 
dimensions. 

w' 
One should also point out that in effects analogous to 

the dHvA effect there are oscillations only due to ex- 
tremal sections. In the case of magnetic breakdown in 
aluminum the reconstructed regions of open trajec- 
tories pass through layers whose width is only a few 
angular minutes. Clearly, the dimensions of the layer 
are governed by the width of a belt Ap, near an ex- 
tremal B orbit, within which we can ignore the depen- 

FIG. 3. Stereographic projection of the region of open magnet- 
ic breakdown trajectories in a field H = 90 kOe. The chain 
curve shows rotation, the dashed arrows the inclination, and 
the signs +, - the orientation of the samples whose angular 
dependences of the thermoelectric power are plotted in Fig. 1. 

R G .  4. Central cross section of the Fermi surface of alumi- 
num by the (100) plane. The arrows represent the electron 
waves : they are continuous for the incident waves and dashed 
for the reflected waves. 

dence of the eiectron revolution period on p, @, is the 
projection of the electron momentum on H). 

2. Oscillutions of c type. A physical interpretation 
of the results obtained can be given by considering the 
dynamics of magnetic breakdown in a monotonically 
varying magnetic field, The thermoelectric power 
oscillations due to magnetic breakdown in our samples 
become easily distinguishable against the intrinsic 
noise background beginning from 16.5 kOe (Fig. 2a). 
An increase in H up to 65 kOe is accompanied by an 
exponential rise of the amplitude of the oscillations 
consisting of a single periodic component. In a field 
oriented parallel to the [010] axis, carriers precess 
along the hole J, orbits, similar to the orbit defined by 
the sequence of numbers 2,6,6',3,3',7*,7,2*,2 in Fig. 4. 
An increase in H increases the probability that elec- 
trons cross the energy gap. In a field of such direction 
that carriers in J I  orbits precess clockwise, the most 
favorable conditions for magnetic breakdown are pro- 
vided on parts of the Fermi surface in corners of the 
hole zone: 3,7',2',6. 

In these corners the incident electron wave separates 
into the transmitted 

Ir)=q exp (icp,) (la) 

and reflected 

where q2= exp(-Ho/H) and Ho is the breakdown field. A 
0 orbit acts as a bridge through which electrons are 
transferred from one hole zone to its neighbor. The 
probability of tunneling of the reflected electron waves 
to orbits in the neighboring zones in the corners 2,6*,3', 
and 7 is very low because such tunneling disturbs the 
monotonic variation of the electron velocity. In these 
corners we find that magnetic breakdown to the zone 
brings (by the tunnel effect) electrons from the neigh- 
boring zones and these replace the lost electrons. 

Thus, magnetic breakdown gives rise to open orbits 
along the crystallographic axes [loo] and [001], which 
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lie in a plane normal to the field (HI1 [OlO]). Along each 
of these directions there a re  two branches of the open 
trajectories. For example, alongp, one branch is 5', 
j3 orbit, 6',7', j3 orbit, 8' and the other branch is 8, 
B orbit, 7,6, f i  orbit, 5. One-dimensional whisker 
shape magnetic breakdown trajectories clearly become 
"incorporated" in the two-dimensional region only 
beginning from fields of the order of 65-70 kOe. 

In determining the nature of the c oscillations we 
must particularly bear in mind that as long a s  the quasi- 
classical parameterx is small, the influence of the 
magnetic breakdown affects only small regions of the 
p space whose dimensions a re  of the order o f ~ ' / ~ b ,  - 1O9b0, which are much smaller than even the dimen- 
sions of the p orbit. In the case when the c oscillations 
are due to some new orbit, one may expect a consid- 
erable reduction in the amplitude of the fi oscillations 
because the period of the c oscillations is almost an 
order of magnitude less than the p period. In fact, the 
situation in the case of the c component is quite dif- 
ferent: the role of the magnetic breakdown not only de- 
creases but even becomes greater. The dependences 
of the thermoelectric power on H (see Fig. 2a and 
particularly Fig. 2b) show that the c oscillations a r e  
modulated by the 0 frequency. The modulation coeffi- 
cient reaches 10%. It is interesting to note that the 
experimental record in Fig. 2b can be reproduced in 
practically all its detail by graphical superposition of 
the c and p oscillations. The curve retains only those 
elements of the c component which can be fitted be- 
tween the envelope of the f l  curve and zero line. The 
alternation of the maximal and zero values of the 
amplitude of the c oscillations, observed experimental-, 
ly, and the very weak temperature dependence are  
typical of the interference effects.[17] 

Quantum effects due to the interference between 
quasiclassical waves scattered in the magnetic break- 
down regions in the p space have been p r e d i ~ t e d . ~ ~ ~ ~ ~ ~ '  
In this case we may expect an anomalously strong in- 
crease in the magnetic-breakdown thermoelectric 
power, which may exceed the classical values of this 
power by a factor E,/kT -lo4-lo5. This effect appears 
only under special conditions when the electron tra- 
jectories participating in the magnetic breakdown 
form, in the p space, an infinite system of large orbits 
coupled by small orbits and the average velocity of an 
electron at right-angles to H depends periodically on 
the quasiclassical electron phase on an extremal small 
orbit. It is known that such special conditions appear 
in aluminum along crystallographic axes when the con- 
ditions are  favorable for the magnetic breakdown. Fast 
oscillations of the electron velocity with energy on a 
small p orbit are, in fact, responsible for the appear- 
ance of the "giant" thermoelectric power. It is shown 
there that repeated coherent scattering of carr iers  by 
the magnetic breakdown regions in p space should have 
a considerable effect on the components of the transport 
coefficients which oscillate in H. These oscillations 
may acquire new (interference) periods which are  not 
exhibited by oscillations of any thermodynamic quanti- 
ties. In addition to a weak temperature dependence, the 

TABLE 11. Cyclotron masses on extremal sections of the Fermi~  
surface of aluminum in the (100) plane. 

Experiment 
Orbit Calculation 

dHvA 1 thermoelectric 

Second zone 1 4 [ 1 1.3 [ I i ]  1 - 
Third zone 
fourcornered ring 
ditto, internal 
ditto, external 

thickening at junction of two tuber 1 0.455 ** [lo] 1 - I 0.45 
b orbit) dong tube 

**The calculation is carried out for the 11101 direction. 

oscillations which are of interference origin are  sensi- 
tive to deviations of the crystal symmetry axis from H. 
This is confirmed very clearly by our experiments. It 
follows from the field dependences that a change in the 
angle cp by just 0.3" alters the c-oscillation period. 

Thus, the appearance of the c oscillations under the 
magnetic breakdown conditions confirms the theoretical 
 prediction^^'^*^^' and demonstrates directly the coher- 
ence of the magnetic breakdown throughout the p space, 
i.e., for small and large electron orbits. 

3. Oscillations of v type. The area  corresponding to 
the v-oscillation period may represent one of the 
longitudinal sections of the convex part of an electron 
tube in the third zone. An estimate of the cyclotron 
mass of carr iers  responsible for these oscillations 
(Table 11) confirms this assumption. The appearance of 
symmetry of the v oscillations relative to the (100) 
plane corresponds to a symmetric distribution of four- 
cornered rings in the p space. In a plane passing 
through saddle point on such a ring we may have two 
nearby orbits: one around the convex part of the tube 
and the other, smaller, around the thickening around 
the junction of two tubes. The areas corresponding to 
these orbits are  asymmetric relative to the Cartesian 
axes so  that one of them passes through the centers and 
the other through the saddle point, which corresponds 
to the condition of appearance of an oscillatory correc- 
tion in terms of H. Clearly, the v oscillations are of 
the quasiclassical type and they should be dominated 
either by extremal sections o r  by sections which are  
tangential to the saddle points. The contribution of the 
latter can be ignored because it is l / ~ l / ~  times less 
than the contribution of the extremal orbits. 

It may seem strange that closed sections make almost 
the same contribution to the thermoelectric power as 
the open magnetic breakdown configurations. This can 
be explained by the presence of a "transverse" thermo- 
electric power associated with the coefficient a,, in the 
generalized tensor equation for the current 

(i, k = x, y, z; E is the electric field; o and cu are  the 
tensors representing the electrical conductivity and 
thermoelectric power, respectively). In the case of an 
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FIG. 5. Model of a part of the Fermi surface of aluminum near 
the W symmetry point. The inset shows a tanverse cross sec- 
tion of an electron tube in the third zone; the dashed lines are 
the traces of the planes of an extremal v orbit. 

uncompensated metal, such as aluminum, the tempera- 
ture difference AT along the x axis creates a thermo- 
emf 

cz a,,o,,+a,~~xv 
" AT. 

0 " ~ -  

If 29kT 2 Em:' [wg'  is the cyclotron frequency of the 
extremal v orbit], the contribution of the v orbit to  a,, 
is oscillatory and 

where do' is the value of a,, in H = 0, and E ,  is the 
Fermi energy. On the other hand, the value of a,, is 
governed by the contribution of the open (one-dimen- 
sional) trajectories; then, 

where 6p is the width of a layer of open magnetic 
breakdown trajectories (the ratio 6p/b0 - 3  x lo* for 
aluminum is  comparable with x ' / ~ -  10"). Since the 
number of holes in aluminum is not equal to the number 
of electrons, it follows that u,, =u,/w,T (u, i s  the con- 
ductivity in H =  0) and u,, u,,/w,T)~ (the open orbits are  
retained only along the x axis). These estimates indi- 
cate that the second term ol:",'~,, in the numerator of 
Eq. (2) may be comparable (for sufficiently low values 
of T) with the first term cr,oyy. The location of an ex- 
tremal v orbit on an electron tube of a four-cornered 
ring is shown in Fig. 5. 

4. Magnetic breakdmun field H,. DhiUon and Schoen- 
bergC2O3 were the first to draw attention to the satura- 
tion tendency of the amplitude of the dHvA oscillations 
of the Q type in zinc when the field was increased, in 
contrast to the usual linear field dependence of the 
dHvA amplitude. This behavior was attributed to the 
escape of electrons from the closed Q orbits. In the 
case of aluminum the experimental points corresponding 
to the amplitude values of the j3 oscillations, plotted on 
a graph in units of H", fitted a nearly exponential 
curve (Fig. 6). The agreement with the exponential 
dependence improved when decrease of the field in 
which the magnetic breakdown was still probable. In 
fields of 60-65 kOe the experimental curve indicated 
saturation but i ts  further behavior was unclear because 
of the complex shape of the oscillatory signal. 

By analogy with zinc, we may assume that carriers 

FIG. 6. Dependence of the amplitudes of the P oscillations on 
H-': 0 )  our results; 0) results of Ref. 6; the continuous curve 
represents exp(-Ho/H) for Ho= 60 me. 

are lost within a zone in aluminum because the branches 
are identical and the motion between them is diametri- 
cally opposite. Clearly, the escape is possible at the 
corners 2,6',3', and 7 (Fig. 4) by the tunneling of the 
reflected-wave carr iers  to hole surfaces in the neigh- 
boring zones. The loss of part of the reflected wave 
from the J1 orbit reduces also the transmitted wave, 
which is confirmed by the experimentally observed 
deviation of the amplitude of the f l  oscillations from the 
exponential law as the field is increased. As pointed 
out several times before, the j3 orbit is a "bridge" in 
the path of the open trajectories which arise as  a result 
of the magnetic breakdown. Since it is assumed that 
the transverse thermoelectric power is  isotropic, in- 
dependent of collisions with lattice defects, and govern- 
ed only by the energy spectrum, it follows that a change 
in the amplitude of the j3 oscillations is due to a change 
in connection with the magnetic breakdown. For fixed 
values of the parameters of the external agency, the 
change depends on the small parameters of the electron 
system, governed by the characteristic breakdown 
field. This field can be determined by comparing the 
experimental and theoretical values of the magnetic 
breakdown probability. 

The experimental probability of the motion of an 
electron along a given open trajectory can be deter- 
mined from the dependence of the thermoelectric power 
on H. The problem simplifies because in the range of 
fields up to 60 kOe a network of magnetic breakdown 
orbits consists practically of a single trajectory. In the 
motion along an open trajectory in the p space in the 
section 1-4 (Fig. 4) an electron has to overcome an 
energy barrier twice and the probability of doing that is 
)(114) 1 2 =  q4. In accordance with Eq. (I), we plotted a 
large number of theoretical curves for different values 
of H,. The best agreement was obtained for a curve 
calculated for H,= 60 kOe (Fig. 6), which is quite close 
to the value of H, obtained by Morgun et  a.l.L71 by another 
method. It should also be pointed out that cooling 
from 4.8 to 2.4"K does not affect that nature of the ex- 
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perimental dependence of the amplitude of the f i  oscil- 
lations on Hml.  

The small-amplitude oscillations of the thermoelec- 
tric power with a period close to that of the f l  oscilla- 
tions, observed in a wide range of angles, a re  clearly 
due to small-angle scattering and the resultant transfer 
of electrons from the second zone to the constant- 
energy surfaces of the four-cornered rings in the third 
zone. The periods of these oscillations a re  clearly 
governed by the extremal sections of the electron tubes. 

It follows that the experimental data obtained in our 
study support the conclusion that a coherent situation 
in aluminum single crystals with RRR-20 000 i s  
realized over the whole p space even in H - 100 kOe and 
T-4°K. This is the most important of our results. 

The authors a re  grateful to N. E. ~ l e k s e w s k i i ,  A. A. 
Slutskin, and V .  I. ~izhankovski; for a useful discussion 
and valuable comments. 
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Theory of Mossbauer spectra in the presence of spin-spin 
relaxation 

A. M. Afanas'ev and I!. V.-Onishchenko 
I. V. Kurchatov Atomic Energy Institute 
(Submitted 28 September 1977) 
Zh. Eksp. Teor. Fiz. 74, 1115-1125 (March 1978) 

Compared with other mechanisms, spin-spin relaxation substantially complicates the theory of Mossbauer 
spectra: the relaxation constants become frequency-dependent functions and, in addition, the number of 
relaxation parameters increases sharply. For systems of cubic symmetry and 2 4  nuclear transitions a 
method of analysis of the spectra is developed that makes it possible to extract the frequency dependence 
of the relaxation functions directly from the experimental data for single-crystal samples without invoking 
any theoretical models. The structure of these functions is analyzed using the method of moments. It is 
shown that in the case of dipole-dipole interaction the relaxation can be described with good accuracy by 
one function, the form of which can be established from experimental data obtained on polycrystalline 
samples. 

PACS numbers: 76.80. + y, 76.20. +q 

1. INTRODUCTION atom a re  sufficiently rapid, so  that the characteristic 
correlation time 7, of a fluctuation is much shorter than 
either the relaxation time 7, o r  the Larmor-precession 

The of resonance 'pectra that has time 7, of the nuclear spin in the hyperfine magnetic 
been developed up to now (see, e.g., Refs. 1-6) i s  

field (r,=R/A, where A is the hyperfine-interaction 
applicable only in those cases when the fluctuations of 

constant). the magnetic and electric fields giving rise to relaxa- 
tion of the spin of the electron shell of the M6ssbauer Both these conditions a re  fulfilled by a large margin 
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