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Thermal transport properties in aluminum crystals at liquid-helium temperature
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The orientation and magnetic-field dependence of the thermoelectric power and Ettingshausen-Nernst effect

at liquid-helium temperatures in transverse magnetic fields up to about 50 kG, have been investigated in

different single crystals of aluminum with the heat current in the [100], [110], [111],and [112] directions.

The rotation diagram of the thermopower show anisotropies which agree with magnetoresistance

measurements. On these anisotropies are superimposed the same characteristic peaks which appear in the

magnetoresistance. These peaks are attributed to magnetic breakdown. The field dependence of the

thermopower and of the Ettingshausen-Nernst voltage show large-amplitude sinusoidal oscillations when the

magnetic field A is parallel to the [001] direction. The oscillations are periodic in 1/0 and are due to
networks of open and closed orbits extending over second- and third-zone Fermi-surface sheets,

I. INTRODUCTION

In a previous paper, we reported the first ob-
servation' of giant oscillations in the thermopower
of aluminum in a transverse magnetic field. The
existence of these oscillations was also discovered
independently by Thaler and Bass, ' and by Sirota
et al. ' It was found that the thermopower oscillates
with a period of h(1/H) =2.12 &&10 ' G ' and that
the amplitude of these oscillations increases near-
ly exponentially with inverse magnetic field. We
attributed these oscillations to magnetic breakdown
between the P orbits in the third zone of the Fermi
surface and the adjoining orbits in the second
zone, near the corners & of the Brillouin zone.

In the present paper, we attempt an extended in-
vestigation of the variation of the thermopower and
the Ettingshausen-Nernst voltage as a function of
the orientation of different samples in a transverse
magnetic field and the magnitude of the field, for
the purpose of performing a detailed study of mag-
netic breakdown to be compared with results from
magnetoresistance. '

dependence on rotation angle and oscillatory ef-
fects, but with the limitation that the absolute val-
ue of the thermovoltage and the oscillatory ampli-
tudes could only be determined within an accuracy
of about a factor of 2. The value of the tempera-
ture gradient and that of the absolute thermopow-
er were obtained from measurements of the resis-
tivity as a function of temperature p(T) in the fol-
lowing way. Between the potential leads 1-3,
3 —2, and 1 —2 (Fig. 1) the differential resistivity
P, (T„)—P„(42K), P„.(T„)—P„(42K), an. d

P»(T») —P»(4.2 K), respectively, was measured
and compared with the experimental temperature
dependence p(T) —P(4.2 K) for aluminum. ' This
yields the three values T„,T», and T». These
values are average temperatures between the cor-
responding potential leads, where the averaging
depends on the variation of temperature along the
sample. Assuming this variation to be an expo-
nential decrease with distance from the heater, a
value of AT =T, —T,=0.8 K temperature gradient
between contact 1 and 2 has been calculated for our
experimental conditions. Due to the finite length

II. EXPERIMENTAL DETAILS

Our experimental setup was originally not in-
tended to perform thermoelectric measurements.
The specimen holder and magnet are immersed in
the same bath of liquid helium to allow galvano-
magnetic measurements at the boiling temperature
of helium under atmospheric or lower pressure.
The attachment of a carbon resistor as a heater to
the specimen (CR in Fig. 1) allowed for the crea-
tion of a temperature gradient along the specimen
axis, thus allowing for thermomagnetic rneasure-
ments with the possibility of measuring both the

CR

FIG. 1. Specimen shape and arrangement of poten-
tial leads. The heater CH is a carbon resistor.
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of the sample and due to the potential leads as ad-
ditional heat sinks, considerable deviations from the
assumed exponential temperature dependence may
occur, so that we must allow for a corresponding
uncertainty: AT = 0.8+ 0.3 K.

The samples used in this investigation were pre-
pared from different cylindrical single crystal
blocks. After orientation by the Laue diffraction
method, disks of about 1-mm thickness were cut
from blocks. By spark machine polishing, the
macroscopic surface roughness was removed and
the surfaces of the disk were made parallel. The
samples were etched for 1 min at 80 C in Pickling
acid (0.25 H,SO„0.05 HNO„0.75 H, PO, ), where-
by the disk thicknesses were reduced by about 100
pm. When the required thickness was reached,
the orientation was again determined by x rays.
Then the sample shape was punched out of the
disks, suitably oriented for the desired crystallo-
graphic direction of the temperature gradient. The
final shape of the specimens is shown in Fig. 1.
Their residual resistivity ratios (RRR) lay between
4000 and 7000.

The specimen could be rotated freely about its
axis in a magnetic field, which was provided by a
locally constructed Helmholtz superconducting
coil, which had maximal intensity of about 50 kG.
The output voltage signal was amplified by a gal-
vanometer (Sefram, France) and recorded by an
X-Y recorder or whenever higher accuracy was
required (up to al nV), by an integrating voltme-
ter (Solatron). The electrical connections to the
potential leads were made by spring-loaded con-
tacts.

III. RESULTS

A. (100)rotation plane

The rotation diagram of the thermopower with
VT parallel to the [100] direction in a constant
magnetic field 0 =46 kG and at 4.2 K is shown in

Fig. 2. Two maxima with narrow double peaks oc-
cur, located symmetrically about the Hi) [001] di-
rection. The heights of these peaks are approxi-
mately identical and the distances between them
amount to 4'. These are the predominant fea-
tures of the rotation diagram. They are compar-
able to the magnetic breakdown effects which were
observed in the magnetoresistance' for the same
crystal orientation of the specimen. The peaks are
as high as 5-6 pV/K which may be compared to
low-temperature thermovoltages without field"
and also to the magnetothermopower in the ab-
sence of magnetic breakdown" in aluminum,
which are always smaller by two orders of magni-
tude. The average thermopower outside of the
peak regions in Fig. 2 is displaced from zero by
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FIG. 2. Rotation diagram of the transverse magne-
tothermopower for 9' T parallel to [110] and FI= 46 kG.
values of $ are only accurate within +40% (see experi-
mental details).

S =Re "~"sin(2E/H+ o)

with free parameters A, O', F, and a. is given by
the solid curve in Fig. 3. Similar measurements
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FIG. 3. Thermopower as function of the magnetic
field II at one of the two peaks of Fig. 2 (represented by
dots) in comparison with the calculated (solid curve).

about -0.05 p, V/K. This is the normal contribu-
tion of magnetothermopower. The roughly cosine-
shaped background as indicated by the dashed line
in the figure is due to an admixture of the trans-
verse Ettingshausen-Nernst voltage, analogous to
the Hall voltage admixtures in the magnetoresist-
ance. "

The field dependence of the thermopower for the
magnetic field at one of the two peaks is shown in

Fig. 3 (dots are measured values). The thermo-
pow'er begins to oscillate for 0 & 10 kG with a peri-
Od a(1/H) =2.12 &10 ' G '. 'Ibe experimental data.
can be fitted by a single harmonic oscillation with
exponent:ial decay. The fit by the function
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FLQ. 4. Hotation diagram of the thermopower for O'7
parallel to the [100] direction and H = 46 kG.

were also performed at different angles of rotation
of the specimen. The parameters obtained from
the corresponding fits are given in Table I. The
large variation in A is reflected in the rotation di-
agram of Fig. 2.

B. (100) rotation plane

Figure 4 shows the thermopower of a sample in

a constant magnetic field as a function of the rota-
tion angle for VT parallel to the [100] direction.
The magnetic field intensity amounts to 46 ko and
the residual resistivity ratio of the investigated
sample was 7000. In this rotation diagram there
occur four maxima for H]] [001] and [010]. These
maxima show double peaks similar to those ob-
served in the [110] oriented sample. The separa-
tion between the peaks amounts to about 2'. The
orientation diagram of this specimen is in agree-
ment with the thermopower measurements of
Sirota et aL. ,

' who used aluminum single crystals
with a BBR of about 19000.

The field dependence of the thermopower for an
angle near one of the double peaks oscillates also
with a period 2.12 &&10 ' 6 ', which is in good
agreement with dHvh, "with magnetoresistance, '"
and with hard helicon measurements, "but in dis-

agreement with the measurements of Sirota et al. ,
'

who found a period of 1.877 x 10 ' G '.

C. (112)rotation plane

Figure 5(a) shows the rotation diagram of the
thermopower for a sample with residual resistivity
ratio of 4400 in a transverse magnetic field. The
temperature gradient VT was parallel to the [112]
direction, while the field intensity was about 46.8
ko. P small peak occurs in the diagram for the
orientation H parallel to [110], which is equivalent
to a pronounced peak in the rotation diagram of the
magnetoresistance. ' The cosine-shaped back-
ground is again due to an admixture of transverse
Ettingshausen-Nernst voltage. The field depen-
dence of the thermopower for the orientation H

parallel to [001] is shown in Fig. 5(b). Oscilla-
tions can be detected in the magnetothermopower,
in contradiction to the magnetoresistance mea-
surements for the same specimen. ' The oscilla-
tions for this direction exist although their ampli-
tude is smaller than that of the other directions.
This is an indication that thermopower measure-
ments are more sensitive than magnetoresistance
and therefore more appropriate for studying mag-
netic breakdown effects.
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FIQ. 5. {a) Hotation diagram of the thermopower for VT parallel to [112] direction and at H=46. 8 kQ; (b) Field
dependence of the thermopower for V T parallel to [112] and H parallel to the [011] direction.
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FIG. 6. (a} Rotation diagram of the magnetothermopower for V T parallel to [111]and at H = 46.5 kG; (b) Field de-
pendence of the thermopower for V T parallel to [111]and H parallel to the [011]direction.

D. (111)rotation plane

» Fig. 6(a) is shown the rotation diagram of the
thermopower of a sample with a RRR= 7000 in a
transverse magnetic field of 46.5 ko. The temper-
ature gradient VT was oriented parallel to the
[111]direction. The diagram exhibits a very small
anisotropy similar to the magnetoresistance mea-
surements' and to the helicon measurements" and
there are no peak regions. The field dependence
of the thermopower for H parallel to the [011] di-
rection is shown in Fig. 6(b), in which no oscilla-
tory component was detected, as in the magneto-
resistance.

hausen-Nernst voltage at the maximum of the ro-
tation diagram is shown in Fig. 7(b). This voltage
shows a purely oscillatory behavior same as the
thermopower. The oscillations again are periodic
in 1/H, exhibiting only a single harmonic with a
period of 2.12 X10 G '. This agrees with the
value obtained by the thermopower and it is attrib-
uted to phase coherence around the I3 orbit. The
relative magnitude of the oscillations in the Et-
tingshausen-Nernst effect compared to that in the
thermopower is about 1 to 8. It must be empha-
sized that in contradiction to the Ettingshausen-
Nernst voltage no oscillations are observed in the
Hall coefficient of the same sample.

E. Ettingshausen-Nernst effect

Figure 7(a) shows the rotation diagram of the
transverse Ettingshausen-Nernst voltage for VT
parallel to the [100] direction and in a constant
magnetic field of 48.5 ko. The Ettingshausen-
Nernst voltage has a cosine shape and, for H par-
allel to the [100] direction, develops a minimum
and a maximum which correspond to the double
maximum in the thermopower.

The magnetic field dependence of the Ettings-

1V. DISCUSSION

Because the oscillations in the magnetothermo-
power occur in a small angular region only, we in-
fer that these oscillations do not result from quan-
tized Landau levels or, equivalently, from quan-
tized closed orbits, but rather result from mag-
netic breakdown. The magnetic breakdown proba-
bility oscillates as a function of magnetic field H
due to the requirement of phase coherence of the
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FIG. 7. (a) Rotation diagram of Ettingshausen-Nernst voltage for V T parallel to the [100] direction and at H =48.5
kG; (b) Field dependence of Ettingshausen-Nernst voltage at the maximum of the rotation diagram.
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wave function in the involved orbits. Because of

the phase smearing, "only the oscillations from
the third zone are visible in our experiments. The
period of the oscillations leads according to On-
sager's relation" to an area of (4.505 && 10 '} A p

which for a rotation angle of about 55 corresponds
to the P orbit in the third zone Fermi surface.
The values for F in Table I show that rotation to
other values of angle 8 does not significantly
change the area of the orbit involved in magnetic
breakdown, although the plane of the orbit moves
around the elbow of the third zone Fermi surface
arm when 3 is changed from 55' to 145. Also n
and H' do not change significantly with 3. The
meaning of e is not understood, while H' is mainly
determined by the breakdown field H, as discussed
in the following. On the other hand, the amplitude
A decreases rapidly as we rotate the sample from
55 to 145', due to the decreasing probability of
satisfying the "double junction" criterion, as re-
quired for transition of a closed orbit into an open
one, as discussed in Ref. 4.

The probability of magnetic breakdown increases
towards higher magnetic fields as exp(-HgH)
where H, is the breakdown field. On the other
hand, electronic scattering due to lattice imper-
fections and finite temperature also lead to mag-
netic-field-dependent amplitudes. From the treat-
ment by Dingle" of these scattering-dependent
terms, we obtain for our case of a single harmonic
oscillation and for not too high magnetic fields an-
other exponential term in 1/H, exp[ 2v'ks(T-+T )/
k((), ] where T =k/2vks7, v the relaxation time be-
tween scattering events at lattice imperfections
and (p, = eH/m, c, m, the cyclotron mass. Inserting
this into the empirical formula (1) yields for the
parameter H'

H' =H, + (2v'm, c/e) ks(T + T ) .
We assume that in our carefully prepared single
crystals the Dingle temperature T due to impur-
ity and dislocation scattering does not exceed 4 .
For the experimental values H' the breakdown
field can be calculated, HO=70 +10 kG.

To explain the close relationship between the
magnetic breakdown effects which we observed in
the magnetoresistance and in the thermopower we
try to extend the Mott relation between electrical
conductivity o and thermopower S to the case of
magnetic breakdown.

s(p)= ) —) r( ], (2)
p

where k~, e, T, and ez are the Boltzmann con-
stant, electronic charge, the temperature, and the
Fermi energy, respectively. E(Iuation (2) reduces
to the relation

(3)

1 eg
o (H) se

24m g„,
c~z g

2H, g„
AeH g

So, the thermopower oscillates in a magnetic field
with the same frequency E as the electrical con-
ductivity, namely,

v ks ks T Hp (To~

3 e A~ H g
(5)

Thus, it is the sensitivity of magnetic breakdown
to changes in energy that makes the thermovoltage
so sensitive to magnetic breakdown effects. Using
our magnetoresistance data for g„,/cr we can esti-
mate the voltage of S in E(I. (5). At 40 kG a value
of about 1 gV/K is obtained which has the right
order of magnitude.

In our previous magnetoresistance measure-
ments' we have discussed in detail the network of

coupled orbits in aluminum between the second and
third zone, which occur due to magnetic breakdown
near the W point of the Brillouin zone.

In order to consider what types of extended or-
bits are, we used the so called "double junction"
criterion. Because of the similarity of the experi-
mental results for magnetoresistivity and thermo-
power in aluminum, the same networks of coupled
orbits can be considered to explain the rotation
diagrams of the thermopower, namely: (a) If the
temperature gradient VT is parallel to the [001]
direction, open orbits occur for all directions of
magnetic field H except for H parallel to [100],
which is a singular direction. For this direction
we do not have open orbits and the magnetothermo-

From our measurements of the magnetoresist-
ance' we can deduce that the electrical conductivity
can be written as a sum of a monotonic part and
an oscillatory part. The latter is due to the few
orbits which undergo magnetic breakdown from
closed into open orbits. Our data may be fitted by
an equation of the form

o (H) =A p(H}+A,e "~" sin(2wF /H+ o,),
which is similar to E(I. (1) for the thermopower
with additional free parameters Ay and cia As we
have shown, H' is the sum of electron scattering
term and the breakdown field H p= (ne)'H/h(d, ez ((), .
is the cyclotron frequency, and A~ is the energy
gap between the bands at the point at which mag-
netic breakdown occurs.

In E(I. (3), the term e(H) becomes A, (H), be-
cause the oscillatory part is very small due to the
fact that H, »H. However, in the derivative,
[ se(H)/se], , the oscillatory term predominates,F
so that



THERMAL TRANSPORT PROPERTIES IN ALUMINUM. . . 2528

power shows a relative minimum. (b) For the case
that VT is parallel to the [011] direction, the dou-
ble peak which occurs at H parallel to [100] origin-
ates for the same reasons as in case (a). (c) For
VT parallel to [112] and VT parallel to [111], open
orbits are created for H parallel to [110], giving
rise to the single peaks at H parallel to [110].

V. CONCLUSION

We have measured the orientation diagrams and
the field dependence of the transverse magneto-
thermopower and Ettingshausen-Nernst voltage of
a series of single-crystal aluminum samples with
different orientations. The orientation diagrams

of the thermopower show similar behavior to those
of the magnetoresistance, and their field depen-
dences oscillate with the same period as the mag-
netoresistance. Because of the similarity between
magnetothermopower and magnetoresistivity in
aluminum, we have concluded that the same net-
works of orbits occur as discussed in previous
measurements on the magnetoresistivity.
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