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Seebeck coefficients S have been measured along the three crystallographic directions (1120), (1010},
and (0001) for the heavy rare-earth metals Gd, Tb, Dy, Ho, and Er over the temperature range 7 to
300°K. The (1010) and (0001) directions of Y were also measured. In the cases of Gd and Tb, a 1000-Oe
field along the (0001) and (1010) directions, respectively, caused no marked change. A significant
anisotropy between the (0001) direction and the basal plane was found for all the metals except Y. The
magnetic order-disorder temperatures are marked by changes in slope in the S-versus-T curves. A dis-
continuity in S at the magnetic transition is evident in the case of Dy.

INTRODUCTION

HERMOPOWER measurements provide an ex-
cellent method, which is generally superior to
resistivity measurements, to study small changes in the
state and in the Fermi surface of metals. The Seebeck
coefficient S is extremely sensitive both to changes in
electronic structure and to the mechanisms which scat-
ter electrons.!

The Seebeck coefficients of polycrystalline rare-earth
metals have been investigated by Born et al.? from 7 to
300°K. Interesting magnetic transformationsand anisot-
ropies in the heavy rare earths® have suggested that
the thermoelectric measurements should be extended
to single crystals of these metals. Results of such meas-
urements are reported here for Gd, Tb, Dy, Ho, Er,
and Y.

The electronic configurations of the heavy rare-earth
metals differ from each other only in the number of
localized electrons in the 4f shell. Their magnetic be-
havior results principally from these localized 4f elec-
trons. For all of the metals measured, there are three
conduction electrons which occupy overlapping s (or
sp) and d bands at the Fermi energy.

The measurements reported here in most cases pro-
vide confirmation of the anomalous behavior noted in
heat capacity, resistivity, thermal expansion, and mag-
netic moment measurements? at the magnetic transition
temperatures. Because thermoelectric effects depend
strongly on the relative concentrations of impurities in
the metal,® 8 particularly at very low temperatures, the
reported curves of S versus 7 must be viewed with some
caution. However, it is expected that most of the fea-
tures reported here will be characteristic of the very
pure metals.

* Contribution No. 1580. Work was performed in the Ames
Laboratory of the U. S. Atomic Energy Commission.
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EXPERIMENTAL PROCEDURE

The metals used were of the highest purity available
at the present time. The single crystals were grown from
arc-melted buttons as described by Nigh.” It was found
that for all of the metals the probability for large grain
growth was greatest if the following techniques were
used : The arc-melted button was annealed in a tempera-
ture gradient of about 25°C/cm starting at a tempera-
of 200°C below the melting temperature or transition
temperature (whichever was lower), and then the tem-
perature was raised in three successive steps by 50-deg
intervals every 8 h. Finally, the button was annealed
for about 8 h at the highest temperature in the constant
temperature zone before it was slowly cooled down over
a 3-h period.

The single crystals thus obtained were checked for
orientation by means of a back reflection Laue x-ray
camera technique. Three samples were cut by spark
erosion from the bulk crystals. These were in the shape
of rectangular parallelepipeds such that the long dimen-
sion was parallel to the (0001) direction (¢ axis), (1120)
direction (e axis), and (1010} direction (b axis), respec-
tively. The accuracy of this orientation was within 1°
of that stated. The samples were about 2X2 mm in
cross section and ranged from a minimum of 10 mm to
a maximum of 22 mm in length with an average of about
14 mm.

Small pieces of most of the metals were analyzed
spectrographically and by vacuum fusion for impurities.
In addition, resistivity ratios and residual resistivities
(at 4.2°K) were measured by the standard four-probe
method on each sample. The most significant results
are shown in Table I.

The experimental set-up was basically the same as
that described by Born ef al.2 However, several modifi-
cations were made to accommodate the small sizes of
the single crystal samples used. The temperature range
from 4.2 to 300°K was covered in three steps instead of
two in order to give better low-temperature data. The
data were taken in the following order: 80-300°K using
liquid nitrogen as the bath, 22-90°K using liquid hydro-
gen, and finally, 7-30°K using liquid helium.

7H. E. Nigh, J. Appl. Phys. 34, 3323 (1963).
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Fic. 1. Seebeck coef-
ficient of gadolinium single
crystals versus temperature.
o here is the magnetic mo-
ment direction.
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One end of the sample was soldered to the heat leak
can and the other end was soldered to a small heater
used to provide the temperature gradient along the
sample. A temperature difference of 2-3°K was main-
tained except when starting out from liquid-helium
temperature. It was possible to solder to the rare-earth
metals if they were first tinned by using an ultrasonic
soldering gun. Pure indium was used both to tin the
sample and to solder it into the sample chamber. Em-
bedded in the solder joint on each end of the sample was
a copper-constantan thermocouple. By soldering the

TaBLE I. Selected sample impurities, residual resistivity
and resistivity ratios.

Rso0°

Sample Impurities (%) Ris®
(axis) Fe 02 Ta (1078 Q-cm) Ry»°
Gd ¢ 0.0060 0.2000 0.0350 6.1 22.2
b 0.0060 0.2000 0.0475 6.3 21.6
¢ 0.0060 0.1600 0.1100 2.7 45.0
Tb a 0.0110 0.4000 44 24.8
b 0.0065 0.0850 0.2800 41 29.3
c 0.0065 0.1000 0.5800 4.0 23.6
Dy a 100 108
7.0 14.9
¢ 0.0600 0.0937 0.0300 6.5 11.0
Ho ¢ 0.0100 0.0500 3.0 31.6
b 0.0075 0.0058 0.0500 2.8 34.5
c 0.0050 oo 4.7 11.7
Er a 0.0100 0.0230 0.0500 5.9 14.1
b 0.0150 0.0235 0.0500 5.7 14.8
¢ 0.0900 0.0280 0.0500 5.2 8.1
Y b 0.0200 0.0400 4.8 14.6
c 2.1 15.4

sample to the apparatus and by embedding the thermo-
couples in the solder joints, several possible errors are
eliminated: (1) The thermocouple gives the correct tem-
perature at the reference material sample junction, (2)
surface layers are eliminated ; (3) thermal contact resist-
ance is reduced, and thus the temperature drop at the
interface is eliminated. The sample temperature was
taken to be the average of those measured at the ends
of the sample. The Seebeck voltage Ve was measured
between the copper wires of the two thermocouples.
The difference voltage between the two thermocouples
Vrc was measured by means of a Dauphinee potential
comparator.® The voltages Vo and Ve were measured
with a thermofree Rubicon model-2771 microvolt dou-
ble potentiometer. The absolute Seebeck coefficient of
the specimen was determined by standardizing the
copper wires with a piece of pure lead whose absolute
Seebeck coefficient was well known.® By convention,
Ssc=Ss—Sc. This method of measurement is outlined
by Heikes and Ure.!?

The relative accuracy of the measurements is esti-
mated to be within £0.05 uV/°K for the Seebeck co-
efficient and within 4-0.05°K for the temperature. The
systematic errors are more difficult to evaluate, but
above 20°K the absolute accuracy of the Seebeck co-
efficient measurements is estimated to be within 0.1
uV/°K, and that of the temperature to be within
+0.5°K. Below 29°K the data are somewhat less accu-
rate because of loss of sensitivity of the thermocouples.
The error in the residual resistivity is estimated to be
+0.1X 1079 Q cm and that of the resistivity ratio 4-0.4.
8 T. M. Dauphinee, Can. J. Phys. 31, 577 (1953).
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RESULTS

The observed temperature variations of the Seebeck
coefficients of the heavy rare earth metals and of
yttrium are shown in Figs. 1-6. In each figure just above
the temperature axis the magnetic ordering in the metal
is indicated : the moment direction for Gd has been re-
ported by Graham,* by Corner et al.,”* and by Will
et al.B; for Th by Koehler et al.,* for Dy by Wilkinson
et al.,’» for Ho by Koehler et al.,' and for Er by Cable

TEMPERATURE, °K

et al.l” A pictorial summary of the magnetic ordering
for the latter four metals is shown in Fig. 7.

Magnetic ordering effects appear to be responsible
for the complexity of the data for the heavy rare-earth
metals. This conclusion is based on a comparison of the
results in Figs. 1-5 with the results for yttrium in Fig. 6.
It seems proper to make this comparison because yt-
trium is a trivalent hcp metal with lattice constants
very close to those of Gd and with a polycrystalline
Seebeck coefficient very similar to that for Lu.2

TT T 1

DYSPROSIUM

F16. 3. Seebeck coefficient of dys-
prosium single crystals versus tem-
perature.
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For the metals Th, Dy, Ho, and Er, the ¢-axis curve
lies below the basal plane curve in the paramagnetic
region. Above the magnetic order-disorder temperature
the absolute Seebeck coefficient increases almost linearly
in all the metals, except possibly Dy, and appears to

2ok b0 30

become positive at higher temperatures (above 300°K).
At low temperatures, the Seebeck coefficient for all of
the metals appears to be negative as the temperature
approaches 0°K. The magnetic order-disorder tempera-
tures are marked by changes in slope in the .S versus
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T curves. For all of the heavy rare-earth metals studied
except Ho, the c-axis S becomes less negative with
decreasing temperatue immediately below the order-
disorder temperature; in Ho, the ¢-axis S becomes more
negative. In Tb, Dy, and Ho, the c-axis S becomes
positive at the Curie temperature. The magnetic transi-
tion from antiferro- to ferromagnetism is obvious only
in the case of Dy where a precipitous change is observed.
A considerable anisotropy in .S occurs in the basal plane
only where the magnetization behavior in the basal
plane is anisotropic, i.e., only for Dy and Th.

The effect on .S of a 1000-Oe external magnetic field
along the ¢ axis of Gd was modest, as can be seen from
the results shown in Fig. 1. An observable effect was
also found along the b-axis (easy) direction in Th (see
Fig. 2), but there was no observable effect when the
field was applied along an a-axis sample. In the case of
the Th b-axis sample, a hysteresis in S of magnetic
origin was observed. Only the 1000-Oe external field
results were reproducible unless the sample was mag-
netically annealed between data points.

Among the results for Gd shown in Fig. 1 are data
taken on a sample aligned 73° away from the ¢ axis in
the a-¢ plane together with values calculated for such
a crystal from the principal axes data. Good agreement
is indicated. '

DISCUSSION

Although a large amount of work has been done on
the Seebeck coefficient in solids,'®** the effect of mag-
netic ordering on the Seebeck effect has not been exten-
sively studied. It has been known for many years,
however, that S behaves anomalously near the ferro-
magnetic Curie point,®-22 and more recently anomalies

18 D. K. C. MacDonald, Thermoelectricity: An Introduction to
the Principles (John Wiley & Sons, Inc., New York, 1962).

19 A, Joffe, Semiconductors, Thermoelements and T hermoelectric
Cooling (Infosearch, London, 1957).

20 1. F. Bates, Phil. Mag. 13, 393 (1932).

21 A, Hammer, Ann. Physik 30, 728 (1937).

2 A. Krupkowski and W. J. deHaas, Proc. Acad. Sci., Amster-
dam 32, 912 (1929).
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have been observed near the Néel temperature.2* The
interactions between the conduction electrons and the
localized magnetic moments and their effect on the
transport properties have been considered by Rezanov?®
and Kasuya.?s The role of magnon-electron scattering
in the Seebeck coefficient of ferromagnetic metals has
been studied by Bailyn?” and more recently by Gurevich
and Nedlin.?® The rare-earth metals can have complex
magnetic structures, however, and these can profoundly
affect the transport properties through the spin-wave
spectra® and the modification of the Fermi surface by
magnetic Brillouin zone boundaries.®#! No detailed
theory of these effects has yet appeared.

The Seebeck coefficient of a magnetic material is
believed to arise from three main sources: (1) diffusion
of electrons, (2) phonon drag, and (3) magnon drag.
As a first approximation, these three contributions can
be considered independently, so that

S=Se+Sph+Smag- (1)

At high temperatures, the electron diffusion term
predominates and it is the effect of the magnetic order-
ing on this term which can be observed in the results
near the ordering temperatures. It has been suggested
by Mackintosh,®:3! Miwa,%?and Elliott and Wedgwood,*
that in the antiferromagnetic state there are extra
planes™of energy discontinuity introduced into the
Brillouin zone structure as a result of the periodic ar-
rangement of magnetic moments along the ¢ axis, which
is incommensurate with the ionic lattice. Hence, new
energy gaps appear in the electron dispersion curve at
the ordering temperatures and increase in magnitude
as the temperature is lowered.

The Seebeck coefficient due to electron diffusion is
given by the general expression

w2k 1o lOgO‘»;j(e)
Sii= [’—"——:l ) 2
3e Jde c—ep
where
&2
0= /rVide, (3)
41r2h €

and where % is Boltzmann’s constant, T is the absolute
temperature, e is the electronic charge, o; is the elec-

( % A). R. Mackintosh and L. Sill, Phys. Chem. Solids 24, 501
1963).

24 J. D. Wasscher and C. Haas, Phys. Letters 8, 302 (1964).

2 A. J. Rezanov, Dokl. Akad. Nauk SSSR 82, 885 (1952).

26 T, Kasuya, Progr. Theoret. Phys. (Kyoto) 22, 227 (1959).

27 M. Bailyn, Phys. Rev. 126, 2040 (1962).

28 1. E. Gurevich and G. M. Nedlin, Zh. Eksperim. i Teor. Fiz.
A:S, 65';% (1963) [English transl.: Soviet Phys.—JETP 18, 396

1964)].

29 A, R. Mackintosh, Phys. Letters 4, 140 (1963).

% A. R. Mackintosh, in Rare Earth Research, edited by J. F.
Nachman and C. E. Lundin (Gordon and Breach Science Pub-
lishers, New York, 1962).

31 A, R. Mackintosh, Phys. Rev. Letters 9, 90 (1962).

32 H. Miwa, Progr. Theoret. Phys. (Kyoto) 28, 208 (1962).

3 R, J. Elliott and F. A. Wedgwood, Proc. Phys. Soc. (Kyoto)
81, 846 (1963).
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trical conductivity, V, is a component of electron veloc-
ity on an energy surface element d2;, 7 is the relaxation
time, and the integral is taken over a constant energy
surface e. The total relaxation time can be written in
terms of the impurity, lattice, and magnetic relaxation
times as

1/ r=1/r4+1/74+1/7m. 4)

Mackintosh® then takes the simple model of Miwa%
and Elliott and Wedgwood?® in which a spherical Fermi
surface is cut by a single energy gap of magnitude A,
allows the magnetic relaxation time to have an energy
dependence given by

1/Tm=ae® 5)

and neglects the energy dependence of the lattice and
impurity relaxation time, and finds

LeTys 3 2nr
se—{———), ©
2ep \1—06 1
LeT 2nr
Sp= <3——~> ) (7)
2ep Ts

where L is the Lorenz number and é is approximately
A/ep. For the simple model of Kasuya?® and DeGennes
and Friedel’” # is 3.

We consider first the results for Dy. The rapid de-
crease of S below the Néel temperature in the basal
plane can be attributed to the rapid decrease in the
magnetic scattering as the temperature is lowered in
this region. The same effect takes place in the ¢ direction
but is overcome near T’y by the increase in .S due to the
superzone energy gaps. The relative signs of these effects
indicates that # is negative in this case. A similar ex-
planation can be invoked to explain the anomalies near
the Néel temperatures of the other metals, although
the effects are not so clear, and in holmium the effect
of the energy gaps appears to be small. The small bump
in the ¢-axis results for Gd near 7', suggests the possi-
bility of a more complicated magnetic structure in this
region.

At low temperatures the electron diffusion term is
expected to become small and the phonon and magnon
drag contributions dominate the results. At low tem-
peratures S, is proportional to 7, while Sy, is propor-
tional to 7% up to a maximum between 6p/5 and 65/10
above which it falls as 7. According to Bailyn?? S,
should behave similarly to the phonon drag term. The
Debye 6p for the metals studied ranges from 152°K for
Gd to 163°K for Er, and one would therefore expect the
phonon drag maxima to be between 15 and 30°K. The
results for Y, in which there is only a rather small bump

3 A. R. Mackintosh (private communication).

35 H. Miwa, Progr. Theoret. Phys. (Kyoto) 29, 477 (1963).

36 T. Kasuya, Progr. Theoret. Phys. (Kyoto) 16, 58 (1956).
(1;755') G. DeGennes and J. Friedel, Phys. Chem. Solids 4, 71
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at low temperatures, indicate that phonon drag may
be rather small in these specimens and that the large
bumps in the Seebeck coefficients of the magnetic metals
at low temperatures may be due to magnon drag. The
magnon contribution might also explain the large
Lorenz numbers found for Dy?® and Gd.* In Fig. 8, we
have plotted S/T versus 7% for Gd at low temperatures
and find a straight line as expected for either phonon
or magnon drag at low temperatures. The other heavy
rare-earth metals are magnetically anisotropic so that
the lowest lying spin wave state has a nonzero energy
as suggested by Niira.® In Dy and Tb, these energy
gaps in the spin-wave spectra are equivalent to about
20°K, and it is noteworthy that in these metals a rapid
change in the Seebeck coefficient occurs at around this
temperature. This is probably due to a sudden onset of
magnon drag at this temperature, although it is possible
that the electron diffusion term is also enhanced by
spin-wave scattering of the electrons. Ho and Er have
smaller spin-wave energy gaps and low-temperature
magnetic transitions, and these effects cannot be so
clearly observed.

The only discontinuity observed in these results oc-
curs at the transition from a helix to a classical ferro-
magnet in Dy. Since this does not occur in the other
metals, we believe that it must be due to the transition
from a hexagonal to an orthorhombic structure at 7°..4
Of the other metals measured in this study Gd, Ho,
and Er show no orthorhombic distortion in the ferro-
magnetic state.2:# In Th, the orthorhombic distortion
at T', is very small because the sublattice magnetization
is small.® This distortion increases as the sublattice
magnetization increases with decreasing temperature,

38 R. V. Colvin and Sigurds Arajs, Phys. Rev. 133, A1076 (1964).
( 3965 V. Colvin and Sigurds Arajs, J. Appl. Phys. 35, 1043
1964).

0 K. Niira, Phys. Rev. 117, 129 (1960).

4 F. J. Darnell and E. P. Moore, J. Appl. Phys. 34, 1337 (1963).

2 F. J. Darnell, Phys. Rev. 130, 1825 (1963).

4 F. J. Darnell, Phys. Rev. 132, 1098 (1963).
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and consequently there is no sudden change and no
discontinuity in S. The appearance of superzone energy
gaps and the change in the spin wave spectrum at the
transition could also contribute to the discontinuity in
Dy, but we believe that the primary effect is due to the
crystal structure change; the observed sizeable lattice
parameter changes*?* could have a significant effect on
the Seebeck coefficients.
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Doppler-Shifted Cyclotron Resonance with Helicon Waves*

M. T. Taviort
Laboratory of Atomic and Solid State Physics, Physics Department, Cornell Universily, Ithaca, New York
(Received 14 September 1964)

The properties of helicon waves have been studied under the condition that the electron mean free path is
larger than the helicon wavelength; this is often called the nonlocal limit. The free-electron theory shows
that under this condition there is a threshold magnetic field. Above this threshold, undamped helicon waves
can propagate in the metal. Below it, the wave is heavily damped by cylotron resonance of the electrons.
This threshold field has been called the Kjeldaas absorption edge or Doppler-shifted cyclotron resonance.
At fields just above the edge, the dispersion relation is modified from the simple form appropriate for the
local limit. At the edge there is a singularity in the surface impedance of the metalsample. The theory of these
effects has been tested by measurements on polycrystalline sodium and potassium, using two experimental
techniques. First, the dispersion relation was studied using helicon waves propagating through a metal slab.
Second, the surface impedance was studied at radio frequencies. Excellent agreement between theory and
experiment was obtained. The values for the radius of the Fermi surface were (0.9240.01) X108 cm™ for
sodium and (0.74£0.01) X 10*8 cm™! for potassium. These are to be compared with the free-electron values
of 0.923X10%8 cm™ and 0.746X10%8 cm™, respectively. The sharpness of the edge as a function of the
electron mean free path was also studied. It was found that the fractional width was essentially inversely pro-
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portional to w.r. The edge has also been studied with polycrystalline indium.

I. INTRODUCTION

ELICON waves are transverse electromagnetic

waves which, in the presence of an applied mag-

netic field, can propagate in a metal. For a free-electron

metal, with # electrons per unit volume, in a field B,
the helicon wave dispersion relation is'

¢*=uonew/B(mks units) , (1)

where ¢ is the wave vector for a wave of frequency » and
o is the permittivity of free space.

Helicon waves have been extensively studied, es-
pecially in the region where the wavelength is greater
than the electron mean free path; both standing wave
and transmission experiments have been reported.?
These experiments can be used to determine such prop-
erties of the metal as the Hall coefficient and the
magnetoresistivity.

*This work was supported by the U. S. Atomic Energy Com-
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This paper is concerned with the study of helicon
waves when the electron mean free path £ becomes much
larger than the wavelength, that is when ¢¢>>1. Under
this condition a study of helicon waves can yield infor-
mation concerning the geometry of the Fermi surface.
In contrast to the case when ¢f<1, it is no longer suffi-
cient to specify the electron’s behavior in terms of an
average drift velocity. For ¢£>>1 it becomes necessary
to consider the details of the electron’s orbit and its in-
teraction with the wave. Such considerations lead to the
prediction of cyclotron resonance at frequencies very
much smaller than the cyclotron frequency. This
occurs because an electron at the Fermi surface travels
through the slow helicon wave and experiences, as a
consequence of the Doppler effect, an electric field hav-
ing an apparent frequency very much larger than the
actual wave frequency. If the apparent frequency
equals the electron’s cyclotron frequency, Doppler-
shifted cyclotron resonance occurs; the electron then
absorbs energy from the wave.

The effect was predicted by Kjeldaas® for transverse
ultrasonic waves propagating in a metal parallel to a

3T. Kjeldaas, Phys. Rev. 113, 1473 (1959).



