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Experiments on the high-field thermoelectric and thermal properties of chromium
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We take advantage of the high sensitivity of thermopower measurements to investigate the
de Haas —Shubnikov oscillations in a Cr single crystal at fields up to 8 T. The increased resolution,
compared to that offered by magnetoresistance measurements, allows more detailed information to
be obtained on a major branch of frequencies and reveals new. branches. By analyzing the peaks in
the Fourier transforms, rough estimates are made of the breakdown fields for the various orbits;
typical values are probably in the range of 0—40 T with most being in the region of 30 T. Measure-
ments on the monotonic components of the electrical and thermal conductivities allow the lattice
conductivity to be extracted. The result is compatible with those of the isoelectronic and isostructur-
al elements Mo and W.

I. INTRODUCTION

The presence of a spin-density wave (SDW) in antifer-
romagnetic chromium has pronounced effects on the Fer-
mi surface of Cr. ' Large sections of the surface are
thought to be eliminated and the new periodicities intro-
duced by the incommensurate SDW reconnect the remain-
ing pockets of holes and electrons via small energy gaps
leading to a complex de Haas —van Alphen (dHvA) spec-
trum. The original dHvA data were fitted by a model
based on these assumptions, and more recently Reifen-
berger et al. have reexamined the model in some detail
and shown that most of the data can be explained in terms
of the holelike ellipsoids at N. Although the high-field
galvanomagnetic properties of Cr are in accord with the
model, less success has been obtained with the oscilla-
tions in the magnetoresistivity, i.e., the Shubnikov —de
Haas (SdH) frequencies. ' Only one SdH frequency
branch corresponds to a dHvA branch. It may be noted
that the oscillations in the density of states which give rise
to the dHvA oscillations in the susceptibility will also be
reflected as oscillations in most of the transport coeffi-
cients, but the amplitude will be typically less than l%%uo of
the monotonic part for the case of the magnetoresistivity.
When the amplitude becomes significantly larger than
this, as it does for some of the SdH oscillations in Cr, one
usually suspects the presence of magnetic breakdown be-
tween the various sheets of the Fermi surface. Such
breakdown can alter the trajectories of the electrons in an
oscillating manner thus giving rise to large oscillations in
the transport coefficients. Reifenberger et a/. have inter-
preted one of the SdH frequencies in terms of an interfer-
ence orbit, a plausible suggestion since the orbit that they
discussed would not be visible in the dHvA spectrum.

The intent of the present work is to use the increased
sensitivity of thermopower (TEP) measurements to
magneto-oscillatory phenomena in order to investigate the
SdH oscillations in more detail. TEP gives identical in-
formation to resistivity with regard to quantum oscilla-
tions but it is usually more sensitive in practical situa-
tions. The reason for this is that the TEP has its origin in

the derivative of resistivity as a function of energy, which
is closely related to the derivative as a function of magnet-
ic field. Furthermore, at high fields the monotonic part
of the TEP is usually of smaller magnitude than the oscil-
latory part, a feature which is very convenient from an ex-
perimental point of view. The only case where TEP mea-
surements lack sensitivity is when the cyclotron effective
mass m' of the orbit is close to zero; such an orbit has lit-
tle energy dependence, in particular with regard to resis-
tivity. Since the orbit suggested by Reifenberger et al.
has a tiny effective mass -0.01m, it is of interest to
determine whether it is present in TEP data.

In the course of this work sufficient data were taken on
the monotonic parts of the electrical and thermal resistivi-
ties to enable the lattice conductivity of Cr to be extract-
ed. Butler and Williams have recently developed a
theory which relates the electron-phonon enhancement
factor to lattice conductivity, and the present data provide
a useful addition in comparing their~theory to experimen-
tal data.

II. EXPERIMENTAL DETAILS

The sample was in the form of a rectangular paral-
lelepiped measuring about 6& 1& 1 mm . It had been cut
with its long axis parallel to a [001] direction and the
large faces parallel to (110) planes. Two pieces of Pt foil,
each about 2&0.5&&0.25 mm, were spot welded to the
sample to act as potential and thermal probes. To these
were soft soldered copper-clad NbTi wires (with the
copper cladding removed over the last few centimeters)
from the voltage detector, and also 220 0, —,W Allan
Bradley carbon resistors acting as thermometers. A
current wire and a heater were soft soldered to one end of
the sample; the other end was soft soldered to a copper
block which was thermally connected to the He bath by a
piece of flexible copper braid. The copper block was in
turn screwed into a rotating sample holder.

The arrangement was not ideally suited for thermal
measurements, there being a relatively large thermal resis-
tance between the sample and the helium bath which lim-
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ited the heat current to (1 mW. Fortunately the mag-
netothermal resistivity of the sample was generally high,
otherwise the experiments might not have been feasible.
The arrangement also suffered from a much larger electri-
cal noise than is usually observed. This is thought to be a
result of the relative looseness of the gear assembly which
allowed small movements of the sample to take place.
The problem was aggravated when the He bath was
pumped, and so most of the present data were obtained
with the bath near atmospheric pressure. This meant that
orbits with masses greater than a few tenths of the elec-
tron mass were unlikely to be visible.

Most of the data were taken with the SDW wave vector
Q oriented parallel to the long axis of the sample, i.e.,
QiiU where U is the heat current density. Under these
conditions the resistance ratio R$93 K/R4zx was about
1500. The alternate orientation gave no extra information
and seemed to be generally less sensitive to the oscilla-
tions. Because all the frequencies that were observed were
rather low, long field sweeps were necessary for the best
possible frequency resolution; usually a range of 3.6—8.0
T was used. Field B was swept so that B ' was linear in
time with data being taken at equal intervals in time. A
single sweep took about 20—30 min.

On each cool down, the symmetry axis of interest was
located using rotation curves of the magnetoresistance and
TEP at about 7 T; this could be done to an accuracy of a
few tenths of a degree. Field sweeps were then taken at
various orientations of B relative to the sample axes, con-
fining the measurements to the major symmetry planes.
The accuracy with which the sample could be rotated in a
symmetry plane was determined by the accuracy with
which it was initially mounted in the cryostat (probably
about 1'—2 ). Thus, it was possible to start accurately at a
symmetry axis, but by the end of the traverse the sample
was misaligned by 1'—2 . This may be relevant since the
amplitude of some of the components seemed to be sensi-
tive to slight misalignments from the exact symmetry
plane.

III. OSCILLATORY DATA ANALYSIS,
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FIG. 1. Fourier transforms of data taken in the basal (plane
D) The .angles are measured from [100] towards [110]. The
two peaks near 40 T are sometimes resolved and sometimes not,
even though their spacing is relatively constant in this range of
angles. The two peaks near 120 T (cf. Fig. 5) are never resolved.
The amplitude scale is arbitrary.

F(B) =A exp( Bo /B—) cos
27T 0

+p

where fo is the frequency of the oscillation, assumed to be
100 T in Fig. 2, and A, Bo, and P are constants. The en-
velope function is chosen to be 1+cos(A/B) where A is
such that it makes the envelope zero at each end. of the
data. When Bo is equal to zero the transform has its
minimum half width (at about 13.1 T for these data tak-
ing the starting field at 3.6 and the finishing field at 8.0
T). Two frequencies spaced closer than the half width
will usually not be resolved; this is a rough guide since
whether or not they are resolved in this region is also
dependent on the relative phases of the two frequencies
(see Ref. 10 for some examples). As Bo increases so does
the half width of the peak, and the residual side lobes
rapidly disappear.

Much of the data were analyzed by fitting the

Figure 1 shows three examples of Fourier transforms of
data taken in the basal plane. Many of the peaks are well
separated, but those at the lowest frequency and the one
near 120 T have more than one component. A detailed
study shows that when peaks overlap, then, even if they
are resolved, the maxima do not necessarily accurately re-
flect the actual frequencies involved. ' This is a common
problem for these data and it becomes necessary to
develop a procedure which enables the maximum amount
of information to be obtained.

The shape of the peaks in the Fourier transforms is in-
trinsic and is determined by three factors: (i) The length
of the data set, in terms of 1/B, (ii) the way in which the
amplitude of the data varies with B, and (iii), the choice
of the envelope function used to suppress the side lobes in
the transform that are caused by the abrupt start and fin-
ish of the data. The Appendix gives some details ap-
propriate to the present case. Figure 2 shows examples of
transforms calculated on the assumption that the data are
of the form
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FIG. 2. Calculated transforms of Eq. (1) with an envelope
function [1+cos(Q/B)], cf. Eq. (A4), for various values of Bo.
The frequency fo is taken to be 100 T and the data spans the
range of 3.6—8.0 T. The amplitudes are normalized to unity at
f=100 T.
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transforms to the theoretical curves [cf. Eq. (A4) of the
Appendix] which required the use of four variables to
represent each frequency component. Figure 3 shows an
example of a fit to experimental data using four frequency
components (and hence 16 unknowns). The fitted curve
follows the data extremely well indicating that there are
indeed only- four components present within experimental
error. Figure 4 shows an example of a single peak which
cannot be accurately fitted by a single frequency. The
shape of the peak, together with the angular variation of
these and' other data, suggests that two frequencies are
present, and the upper curve of Fig. 4 is fitted with this
assumption. This example illustrates the difficulties in-
volved since one does not know a priori how many fre-
quencies are present. In such cases one can only use the
consistency of the results as a function of angle as the pri-
mary criterion for deciding on the number of components.
One should also bear in mind that Eq. (1) might not be a
good representation of the data. It is possible that an
unusual dependence of amplitude on field for a particular
frequency might yield a transform which could be mistak-
en for a number of discrete frequencies. In principle,
selected ranges of the complex transform may be re-
transformed to yield the original data in the form of a fil-
tered signal, but this procedure has not been carried out
for the present data.

In many cases the peaks are sufficiently well resolved
that fitting for purposes of obtaining the frequencies is su-

perfluous. However, the fit does yield an estimate of the
quantity Bo in Eq. (1). Contributions to Bo arise from
three different sources. One expects a contribution from
the effects of impurity scattering" since the Dingle factor
is of the form exp( 2' k~TDm—*leAB) where the con-
stants have their usual significance and TD is a constant
with dimensions of temperature. If m * ~ 0.2m,
and TD & 1 K (cf. results quoted later and Ref. 2), then
this would give an effective Bo & 3 T which would prob-
ably not be resolved in this work. A larger contribution is
potentially possible through the usual temperature
broadening factor x Isinhx with x =2~ kz Tm'i
eAB. For large x this factor tends to 2xe and for
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FIG. 4. An example of two fits to the same peak using one
(lower curve) and two (upper curve) components. The upper
curve is displaced vertically by 10 units for clarity. These are
the same data as appear in the lowest curve of Fig. 1.

A. Oscillatory results

m* &0.2m and T=4.5 K, x &13/B. If the experiments
had been carried out at lower T then this factor would
again have been negligible since for x ~ 1 the factor
x/sinhx saturates at unity. Finally, BQ should reAect the
breakdown fields required for the electrons to traverse the
orbit under consideration (cf. Ref. 3). This must be the
dominant contribution for many of the frequency com-
ponents studied here since we regularly find values in the
range of 35—50 T for Bo. As a check on the accuracy
with which BQ can be obtained, the data taken with B at
35' from [110]towards [001] have been analyzed using the
width of the transform and also by fitting the original
data to Eq. (1). (This procedure is essentially possible
only here. ) The former technique gives Bo ——47 T and the
latter, BQ ——49 T. This good agreement is probably fortui-
tous in part because the analysis of the transforms as a
function of angle is found to give random variations in BQ
of +5 T in good cases, and up to +10 T in poor cases.

IV. RESULTS AND DISCUSSION
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FICx. 3. A typical fit of the data to a sum of terms (in this
case four) of the form shown in Eq. (A4); in this case the fre-
quency components are well separated. The data were taken in
the basal plane at 35' from [100] to [110]. The amplitude units
are arbitrary.

Figure 5 shows the frequencies that have been detected
in the present experiments using TEP measurements. Th|'.
labeling of the planes is the same as that in Ref. 2. Al-
though we do not observe some of the higher frequencies
visible in the earlier SdH data taken at fields of up to 20
T, Fig. 5 shows a richer spectrum than was previously ob-
tained in this frequency range. Groups of frequencies
near 500, 1000, and 1500 T are visible in the basal plane
but were not investigated in detail because of low signal
amplitude; these seem to be the branches seen by Graebner
and Marcus in the dHvA (and labeled g, o, and A, by
them) and also by Wallace and Bohm' and Snider and
Thomas' in ultrasonic attenuation studies.

The branch labeled a (and presumably a, ), has been ob-
served previously and has been interpreted as originat-
ing from an interference orbit on the hole ellipsoid chains
at N. The present results suggest that this branch is more
complex than was earlier thought to be the case. In plane
C, the peak in the transform appropriate to a must be
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augmented by other frequencies, a3 and a4, for angles
beyond 15' from [100], through a always remains the
strongest component; it is possible that the short branch
near [100] at 133 T is part of a3. At angles greater than
35, the amplitude decreases rapidly and though a is visi-
ble up to 65' it is impossible to obtain accurate frequency
values. The coefficient BII [see Eq. (1)] is very constant
for branch a at 43+5 T from [100] to 35 from [100]. Us-
ing the measured effective mass m*=0.19m, (see later)
suggests a breakdown field of about 30 T for branch a.

The same branch is clearly visible through the basal
(plane D) but reliable values of BII are not possible be-
cause of the presence of poorly resolved structure in the
range of 120—130 T (cf. Fig. 5). At about 10' from [110],
the amplitude of a rises rapidly and by [110] it is roughly
five times larger than all other frequency components.
This persists in plane B until about 4—5' from [110]
where the amplitude drops very rapidly, and in the region
of 6—10' from [110]all of a, a I, and a2 are of small am-
plitude, though a

&
begins to dominate here and is presum-

ably the branch followed in the SdH work. 5 For angles
&15',aI has a value of BII——50+8 T with no obvious
variation with angle. Again using the estimated effective
mass (see below) of m*=0. 15—0.20m, suggests a break-
down field of 35—40 T. The lower branch a5, which may
intersect aI at about 35' from [110]has similar values of
Bo, there is no doubt that a5 is not the dHvA branch la-
beled co and seen in the SdH work.

The present data allow some estimates of the effective
mass to be made for branches a and a~. At 30' from
[100] in plane C, a3 and a4 have small amplitudes and
the temperature dependence of a can be seen giving
m =(0.19+0.02)m, . This is indistinguishable from the
effective mass of the nearby dHvA branch labeled e at
0.18m, . In plane B, a~ can be seen reasonably clearly in
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FIG. 5. Quantum oscillation frequencies versus magnetic

field direction. The accuracy is better than +1 T or +l%%uo,

whichever is larger. The filled circles denote large amplitudes
and clearly observed frequencies; the open circles are small am-
plitude components and less reliable.

where W(x) is the Langevin function, with
x =(2m kttTm*/AeB), and P» is the monotonic part of
the resistivity. In this way one finds m* to be in the
range 0. 15—0.20m, . This case is of further interest since
the relative phases of S and p» indicate the nature of the
orbit as being holelike. ' ' Reifenberger et al. have sug-
gested that a arises from an interference orbit on the hole
ellipsoids at N and estimate an effective mass
m*=0.01m, near [100]. They argue that their own data
and that of Arko et al. are in agreement with this low ef-
fective mass in that the amplitude of the SdH oscillations
does not appreciably change between 1.2 and 4.2 K.
However, if m*=0.1m„one would expect an increase in
amplitude of only 12% in cooling from 4.2 to 1.2 K at 7
T, and for the results of Arko et al. taken at 15 T the
changes would be about 3%%uo. Such changes are likely to
be too small to be observable suggesting that m*=0. 1m,
is a reasonable lower limit for m as provided by their
data. Along [100] changes of amplitude consistent with
m*=0. 1m, are observed in the present data, but the reso-
lution is not good enough to provide a reliable measure.
However, a value of 0.01m, seems to be inconsistent with
the observed absolute amplitude of the TEP oscillations
over the whole extent of branch a. Thus, for x &1, Eq.
(2) reduces to

'ilk x pox
(3)

e 3 p

at 7 T and 4.2 K, x =0.09 for m*=0.01m, and taking
(p» /P» ) -0.01 (unresolved oscillations in p» are always
visible at this level for the present sample) predicts
S-0.08 pVK '. This is about an order of magnitude
less than the observed values. Although these estimates
apply to a mixture of frequencies (as do the arguments
above of Reifenberger et al. ), branch a is observed to be
one of the highest amplitude components and an order of
magnitude discrepancy seems unlikely.

Thus, although the present data do support a holelike
interpretation for a, they do not support the low effective
mass required for the identification of Reifenberger et al.
Nevertheless, the fact that this branch is so strong in the
transport measurements and absent in the dHvA dhta does
support the hypothesis of an interference orbit. Indeed
most of the branches seen in the present investigation have
the same features. Although Graebner and Marcus, and
Reifenberger et al., have had remarkable success in ex-
plaining most of the dHyA branches in terms of the hole
ellipsoids at N, one must bear in mind that only a relative-
ly small fraction of the total Fermi surface is represented
by these ellipsoids. If these surfaces are assumed to per-
fectly ellipsoidal with quadratic energy versus wave-vector
dependence [an approximation that works well for Mo
(Ref. 17) and W (Ref. 18)] with semimajor axes of
a=0. 173 A ', P=0.234 A ', and @=0.268 A ', to-
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gether with the estimate of the effective mass of the orbit
having area maP at 0.42m„ then one deduces a total con-
tribution to the electronic specific-heat coefficient for six
such ellipsoids of only 0.26 mJmole 'K, compared to
the total measured value' of 1.46 mJmole ' K . Since
Cr behaves as a compensated metal at not too high field,
an equal number of electrons per unit cell must be found.
These could well be provided by the electrons at X but it
seems unlikely that their effective mass could be large
enough to produce the missing specific heat. Thus, there
appear to be other pieces of Fermi surface, as yet un-
detected or unrecognized by the dHvA, which may also be
relevant to the SdH oscillations. Arko et al. ' suggest
that the most likely origin of both their SdH and mono-
tonic p» data is the hole surface at H which may partly
persist after the onset of antiferromagnetism, since in
principle breakdown is possible from this surface to the
electrons at X thus causing Cr to become uncompensated,
as is observed at high fields.

In the region of [100] the branches i, j, and k have fre-
quencies similar to the dHvA branches y, P, and a, but
their variation with angle seems to be different in plane D.
Near [110],Bo is found to be 30+5 and 40+5 T for i and

j, respectively. In the same plane towards [100],Bo drops
to 15+15 T for i and 25+5 T for j. In plane C, B&
remains small at 15+5 T for i and 10+10 T for j. It
should be noted that in the region of [100], i and j are not
resolved in the transforms and the reliability of Bo must
be in doubt.

The next largest amplitude branch is that labeled b;
again Fig. 1 is representat'ive of the amplitude. Values of
Bp lie in the range 40+ 10 T. This branch in not visible in
either dHvA or SdH work. The SdH data suggest that a
and a~ are accompanied by higher-frequency branches
which are almost harmonics. In these data e is close to
the second harmonic, but the lack of agreement is well

outside experimental error, especially when one examines
the angular dependences. The same is true for g near
[110]. As a matter of fact, c and e are closer to being the
second and third harmonics of b but again the lack of
agreement is outside experimental error. For c, the value
of Bo is 20+7 T and for d is 45+5 T. None of these
branches shows any correspondence with dHvA data.

At the present time there is no consistent interpretation
for any of the branches that have been observed in these
experiments.

B. Lattice conductivity
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FIG. 6. Data on the monotonic parts of p and y taken
for B~ ~[110]and plotted in the form of (y LOT) ' against p
According to Eq. (7) the lines should be reasonably straight with

intercepts of A,g/LOT. The data spans the approximate field

range of 3.6—8.0 T.

p» ——(b2+dB )/(db)+c +b)b2/B ) . (5)

The thermal conductivity of the electrons A, ;~ is assumed
to be of the same form as o.;~, i.e., A, ;~ =I.pTo.,j where Lp

is the Sommerfeld value of the Lorenz number, which
should be appropriate since the crystal is well into the
residual resistance regime by 4.2 K. Ag is assumed to be
isotropic; this is not essential and one can show that the
quantity determined here is that appropriate to phonon
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where d represents the open-orbit contribution and

b~, b2, and c the conductivity of the closed surfaces. Ig-
noring the other components is strictly valid only along
an axis of threefold or higher symmetry, but these com-
ponents will probably be negligible provided the open sur-
face is reasonably free of corrugations (this latter as-
sumption is supported by the galvanomagnetic data ); Eq.
(4) gives

.~

For currents parallel to Q and perpendicular to B the
transverse electrical and thermal resistivities p~ and y~
are very high, and at the highest fields the lattice conduc-
tivity Ag becomes significant. The presence of open orbits,
along Q complicates the analysis but Ag can be obtained
as follows. Since there is only one direction of open orbit
(along x) we can then approximate the electrical conduc-
tivity in the xy plane by

0.0 3

0.0 2

0.0 I
2 3 4 5 6

T(K)
(bi/B ) (c/B)
—(c/B) (b2/B')+d (4) FICx. 7. The lattice conductivity A,g plotted against T. The

straight line is A,g =uT with a=0.010q+0.004 Wm ' K
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y'~ =Lo Tp~'+ A g (d'B +b '& +b & ) /( b 2 +d 'B ) . (7)

The data of Arko et al. [their Fig. 4(b)] for
Jl I[001] and Q~ ~&~ ~[100] is appropriate to closed orbits
so that p =b/8 where b=b] —b2. These data were ob-
tained on a crystal of similar purity to that used here, so
we can use this to estimate b=3&10 T 0 'm ' and
hence &] =&z=LoTb=30 WT m 'K ' at 4.2 K. Thus,
at lower fields the second term in Eq. (7) may exhibit
some 8 dependence but at high fields -8 T it should be
accurately equal to Ag. [At 2 T the multiplier of Ag in
Eq. (7) has a value of about 1.5.] Figure 6 shows exam-
ples of y

' plotted against p „'. The absence of signifi-
cant curvature supports the above assumptions and sug-
gests that the intercepts can be identified with Xg. In-
cidentally, all the data were obtained for B~

~

[110)because
this gives the highest values of p„„as a function of 8 [cf.
Figs. 6(a) and 6(b) of Ref. 4]. The slopes of the lines,
which should be L,oT, are always too high by a factor of
1.25+0.05; the most likely explanation is that the electri-
cal and thermal lengths of the sample are not identical, a
situation which is probably not unexpected since the
probes are less than 3 mm apart and the width of the
probes is comparable to their separation.

The intercepts of Fig. 6 and other similar data are
shown in Fig. 7 as a function of T. The data are not in-
consistent with a temperature dependence of the form
Ag ——(AT, as would be appropriate to electron-phonon
scattering, with cx =0.0105+0.004 W m ' K . There
seems to be no previous experimental work with which to
compare this result.

Butler and Williams have recently derived an equation
relating A,g and k, the electron-phonon mass enhancement
factor, i.e.,

W', ph(T/OD) (limT~O) =0.420,' XA, , (8)

where 8'
~h

——A.~ in the present case, provided disloca-
tion scattering is not significant (and with As in
W cm ' K '), OD is the Debye temperature, Q, the
atomic volume in A, and X the band density of states at
the Fermi energy for 1 spin (in eV 'atom '). For the
present purposes we rewrite Eq. (8) as

X =0.42(xQ, XA.OD (9)

where a is the coefficient of T found for Ag (in

conduction parallel to Q. With these assumptions ' one
finds

y„„=[b;+(A, +d')B']/[k, (b', +b,' )+A, (d'+ A, ),B'

+c +(b)b2/B )], (6)

where bI LO——Tb~, etc. As B~oo, y„„~i/A,g. For-
tunately the expression simplifies when one considers the
relative magnitudes of d' and Ag. With the current
J~ ~[001], Q~ ~[100], and B~ ~[010], the present measure-
ments indicate a saturation value of p„„=10nQm at 5 T,
and this should be approximately the magnitude of d
Thus, d'=I.oTd=10 Wm 'K ' at 4.2 K. By contrast
Ag —0.2 Wm 'K ' at the same temperature so that
d'»A&. Hence Eq. (6) becomes

Wcm 'K ) and X is a numerical factor which will be
unity if Eq. (8) holds. Using the measured' specific-heat
coefficient of 1.46 mJmole 'K gives X =0.31/(1+A, )

states eV 'atom '. The parameter A, is not well known
for Cr but a recent calculation puts it in the range of
0.5—0.83. Using' OD ——5 8 K, Q~ =2.29 A, and
a=1.1&10 Wcm 'K gives X=4.5 with an uncer-
tainty of about 50%. For comparison purposes one can
estimate X for Mo and W. In the case of W (Ref. 19),
X =0.26/(1+1, ) eV 'atom ', OD ——388 K, II,' =2.51
A, k= 0.28 (Ref. 8), a=3.8&&10 Wcm 'K (Ref.
23) to give X =3.4. For Mo (Ref. 19), X =0.44/(1+A, )

eV ' atom ', OD ——4.59 K, 0' =2.50 A, A, =0.41
(Ref. 8), and +=2.2&&10 Wcm 'K (Ref. 24) to give
X =6.3. Although the values of X are well above unity
showing that the theory underestimates kg, all the results
are similar and appear to be consistent for these metals.
It seems that X=2 is more typical of the other metals
which have been investigated.

V. SUMMARY

Thermopower measurements have been used to investi-
gate the quantum oscillations in Cr. Because the oscilla-
tions are visible at lower fields as compared to SdH mea-
surements, the present experiments have provided a better
frequency resolution than before. This illustrates the sen-
sitivity of thermopower very well since the highest mag-
netic field available in this work is much less than that
used in the SdH studies. As well as obtaining new infor-
mation about previously observed branches, several new
frequency branches have been detected. It has proved
possible to estimate the effective mass of one of the most
visible branches, giving a value close to that obtained for a
nearby dHvA branch. This is contrary to the prediction
of Reifenberger et al. who suggested an interference orbit
of very low effective mass as the source of this branch.
Estimates of the breakdown field for various frequencies
are in the range of 0—40 T with most being in the region
of 30 T.

By simultaneously observing the thermopower and
resistivity oscillations, preferably for fields above 10 T to
obtain a good signal-to-noise ratio in the latter, it should
be possible to measure the effective masses and determine
the nature of the orbits involved, i.e., hole or electronlike,
for many of the observable frequencies. It seems certain
that many more frequencies will become visible in ther-
mopower measurements at higher fields, especially if the
temperature is reduced to below 4.2 K.

The present experiments have also yielded an estimate
of the lattice conductivity of Cr at low temperatures. The
magnitude is similar to that observed in Mo and W when
scaled by appropriate parameters.
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APPENDIX

g(co) =e'~ sin(coD T)/coD,

where coD ——coo —co —i+. In this case

~
g(ro)

~

=
I sin [(coo—co)T]

+ sinh (crT)I/[(coo —co)2+a ],

(A2)

(A3)

an equivalent expression has been given by Wallace and
Bohrn. ' However, it should be noted that

~
g(co)

~

does
not show a split peak centered at ~=coo as suggested by
them; on the contrary, the maximum of

~
g(co)

~

always
occurs at co=coo and ~g(co)

~

)T for rz) 0.
In the present work we have used an envelope function

of the form [1+ cos(Qt)j, where Q=vr/T, chosen to

It is convenient to use t and co as variables. In the case
of quantum oscillations t=B ' and co=2rrf where B is
the flux density and f the frequency of the quantum oscil-
lations. For a single sinusoid, F(t)= cos(coot+/), the
Fourier transform over the range —T & t & T is given by

T
g(co)= f e ' 'cos(coot+/)dt

e'& sin(coo —co)T e "%in(coo+co) T
+ '(Al)

(coo—co ) (cop+ co )

provided cooT » m, the second term is very small near ~0
and we have ignored it since this saves a factor of 2 in
computing time. When F(t) is modified by an exponen-
tial factor a ( =Bo in the body of the paper), i.e.,
F(t)=e a'cos(coot+/), then co is replaced by co+ia so
that

suppress the side lobes which are a problem with Eq. (A2).
Since

[1+cos(Qt)] cos(coot+/) = cos(coot+/)

+ —,[ cos(coot +P+ Qt)

+ cos(coot +P —Ot) ],
then the new transform g'(co) is simply the sum of the
three terms like Eq. (A2) and is found to be

e'~ sin(coD T)
g'(co) =

con [1—(coD/0)']
(A4)

When a=0,
~

g'(co)
~

= T at co=co~ and the half width Aco
is just 20 [or bf =2/(B~ ' B2 )—where B& and B2 are
the starting and finishing fields]. Figure 2 shows exam-
ples of

~

g'(co)
~

calculated for a ( =Bo) in the range 0—50
T. For a&0,

~

g'(co)
~

& T but the graphs have been nor-
malized to unity at coo ——co for comparison purposes.

The effect of shifting the range from —T & t & T to

ESSED

Toa & t & b is simply to introduce a factor e ' where

To ——(a +b)/2 The .phase factor e ' is relevant if one
wishes to find absolute phases, but our data are probably
not accurate enough to warrant this. The remaining fac-—aTO
tor e ' varies rapidly with a and it was found much
more convenient (and computationally faster) to fit the
Fourier transforms with expressions like Eq. (A4), i.e.,—aTO
without the factor e '. This factor can be reinserted
later if the absolute amplitudes of the original waveform
are required. In the case of two or more overlapping
peaks it is essential to retain the phase factors given in
Eqs. (A2) or (A4) since these result in interference effects
(cf. Ref. 10). In this case there are generally four un-
knowns for each frequency present i.e., A (the absolute
amplitude), coo, a, and P.

*Present address: Max-Planck-Institut fuer Festkoerper-
forschung, Hochfeld-Magnetlabor, Grenoble, France.

~W. M. Lomer, in Proceedings of the International Conference
on Magnetism, Nottingham, 1964 (IOP, London, 1965), p.
127.

J. E. Graebner and J. A. Marcus, Phys. Rev. 175, 659 (1968).
R. Reifenberger, F. W. Holroyd, and E. Fawcett, J. Low Temp.

Phys. 38, 421 (1980).
4A. J. Arko, J. A. Marcus, and W. A. Reed, Phys. Rev. 176, 671

(1968).
5A. J. Arko, J. A. Marcus, and W. A. Reed, Phys. Rev. 185, 901

(1969)~

A. B. Pippard, Rep. Prog. Phys. 23, 176 (1960).
7R. Fletcher, J. Low. Temp. Phys. 43, 363 (1981).
W. H. Butler and R. K. Williams, Phys. Rev. B 18, 6483

(1978).
G. F. Brennert, W. A. Reed, and E. Fawcett, Rev. Sci. In-

strum. 36, 1267 (1965).
~oG. N. Kamm, J. Appl. Phys. 49, 5951 (1978).
~A. V. Gold, in Solid State Physics, edited by J. F. Cochran and

R. Haering (Gordon and Breach, New York, 1968), Vol. 1, p.
39.

W. D. Wallace and H. V. Bohm, J. Phys. Chem. Solids 29,
721 (1968).'

D. F. Snider and R. L. Thomas, Phys. Rev. B 3, 1091 (1971).
' R. Fletcher, Phys. Rev. B 28, 1721 (1983).
5Alekseevskii and Nizhankovskii (see Ref. 16) report no differ-

ence in the relative phases of TEP and p oscillations from
hole and electronlike surfaces. In the present case the phase
of the TEP oscillations is different by m from the case of Al
(Ref. 14) where the oscillations originate from an electronlike
surface.
N. E. Alekseevski and V. I. Nizhankovskii, Zh. Eksp. Teor.
Fiz. 83 1163 (1982) [Sov. Phys. —JETP 56. 661 {1982)].
J. A. Hoekstra and J. L. Stanford, Phys. Rev. B 8, 1416
(1973).

8D. Sang, A. Myers, and P. J. Feenan, Solid State Commun.
35, 27 (1980).
K. A. Gschneider Jr., in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic, New York, 1972), Vol. 16.



31 EXPERIMENTS ON THE HIGH-FIELD THERMOELECTRIC. . . 7587

~OA. A. Abrikosov, in Solid State Physics, edited by H. Ehren-
reich, F. Seitz, and D. Turnbull (Academic, New York, 1972),
supplement to Vol. 12.

~ It is not clear whether Cr will show any magnetic contribution
to the heat transport. This possibility has been ignored in this

work.
D. G. Laurent, J. Callaway, J. L. Fry, and N. E. Brener, Phys.
Rev. 8 23, 4977 (1981).

~ R. Fletcher, Philos. Mag. 32, 565 (1975).
~4R. Fletcher, Phys. Rev. 14, 4329 (1976).


