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the associated backflow necessary to establish
current continuity. Our results suggest the
existence of an effect such that the actual driv-
ing force on a flux line is given by Jy, /c mul-
tiplied by a function depending only on the ra, —

tio of the current in the core to the transport
current.

The possibility that g varies with current
has been ignored in our discussion. From the
form of (4) we could not distinguish this from
the variation of g. However, it follows from
Bardeen's work4 that a dependence of g on cur-
rent will occur only when the normal current

in the core is no longer negligible compared
with the vortex supercurrent. In the low-cur-
rent nonlinear region we would expect g to be
strictly current independent.
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This Letter presents the complete Fermi
surface for Tm metal determined from non-
relativistic augmented plane-wave (APW) en-
ergy-band calculations. The computed ener-
gy bands are of mixed s-d chara, cter and strong-
ly resemble those of the transition metals in
this aspect. The computed Fermi; surface is
determined largely by the d bands and bears
no resemblance to that of the free-electron
model. The striking anomalies which occur
in the c-axis resistivity of the heavy rare-earth
metals at the onset of long-range periodic mag-
netic order are found to be understandable us-
ing our energy-band and Fermi-surface results.
%e find that the observed q vector spans a sec-
tion of the calculated Fermi surface of Tm
such that a section of this Fermi surface per-
pendicular to the ~ axis is destroyed at the on-
set of magnetic ordering. This results in the
observed resistivity anomaly at T~. Also,
due to the fact that the energy bands are rel-
atively flat in the vicinity of the Fermi ener-

gy, we indicate that sizable gaps occur at su-
perzone boundaries for 4~ =+~~q as the tem-
perature is lowered below T~, thereby destroy-
ing large sections of the Fermi surface nor-
mal to the 8 axis.

Information about the Fermi surface of rare-
earth metals is indispensable for understand-
ing many of the electronic and some of the mag-
netic properties of this important class of ma-
terials. One such property of recent interest
is the electrical resistivity which shows anom-
alies in its temperature dependence. ' These
anomalies have been successfully interpreted
by Mackintosh, ' Elliott and %edgewood, ' Miwa, 4

and others in terms of the magnetic ordering
of these materials. In this view, the anomaly
in the electrical resistivity along the c axis,
which occurs at the antiferromagnetic order-
ing temperature, is associated with band gaps
introduced by superzone boundaries a,rising
from the onset of the long-range periodic mag-
netic order. Good agreement has been obtained
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between theory and experiment using the free-
electron model of the conduction bands and
the associated Fermi surface. This agreement
has since been taken as evidence in support
of the validity of the free-electron model. How-
ever, the recent determination, ' by means of
AP%' calculations, that the conduction bands
in Gd resemble those of the transition metals
and differ markedly from free-electron bands
showed that this model was completely inval-
id for the rare-earth metals. It also raised
the question at the same time as to whether
agreement between theory and experiment could
be restored using the APW band structure and
the resulting Fermi surface.

Tm shows a linear spin-wave type structure
between 50 and 40'K in which the magnitude
of the s component of the moments varies
sinusoidally with distance along the c axis.
The period of the wave vector is constant at
seven (hexagonal) layers over the observed
temperature range and differs from that of
many of the other rare-earth structures which
have periods incommensurate with the lattice
and which vary with temperature. This per-
iodic magnetic structure introduces planes
of energy discontinuity (superzone gaps) into
the nonmagnetic Brillouin-zone structure. ' ~

These energy gaps may affect drastically the
electrical conduction of the metal as the tem-
perature is lowered through the Noel temper-
ature provided one of these superzone bound-
aries destroys a large part of the Fermi sur-
face. The observation of large anisotropy in
the resistivity (maximum along the c axis) and
the reduction of the anomaly in Tb when the
sample is cooled in a magnetic field (which
suppresses the long-range order and reduces
the band gaps) provided confirmation for the
validity of the model. ' The existence of super-
zone planes which cut large sections of the
Fermi surface in the free-electron model led
easily to an explanation of the resistivity anom-
aly along the c axis and to the variation in re-
sistivity with the variation in magnetic period.
The usual argument, based on first-order per-
turbation theory, asserts that energy gaps
and superzone boundaries occur at values of
k for which

E (k)-E (k + q) = 0,

when the system is subjected to a perturbation
of the wave vector q. Experimentally, q lies
parallel to the crystal c axis in the rare-earth

metals. Since by symmetry E(k)=Z( —k), this
results in planar superzone boundaries at kz
= +2q or, more completely, at kz = ~g + 2q,
where K& is the s component of a reciprocal
lattice vector. It should be noted that although
these are the only superzone boundaries re-
quired by symmetry, to this order, in gener-
al, other boundaries may occur at values of
k which satisfy Eq. (1) and that these values
of k will depend specifically on the energy-band
structure or, alternatively, on the particular
Fermi surface. Specifically, gaps occur at
those values of k where both k and k+ q lie on
the Fermi surface, that is where q spans a
section of the Fermi surface.

All of this discussion is limited to first-or-
der perturbation theory, which should be ap-
plicable in the vicinity of the ordering temper-
ature where the magnetic moment is small.
However, at lower temperatures, if the per-
iodic perturbation is large, compared to the
separations between energy bands, a higher
order treatment must be considered. In Tm
at low temperature, the energy gaps introduced
at the superzone boundaries should be about
0.17 eV wide. ' This energy is comparable to
the separation between the flat d bands in the
vicinity of the Fermi surface which we have
obtained for the rare-earth metals. So-called
higher order terms in perturbation theory will
introduce energy gaps of magnitude compar-
able to those at kq=~pq. Therefore, because
of the fact that these bands are relatively flat
and closely spaced, we must replace Eq. (1)
by

E(k)-Z(k+nq) =0. (2)

This, then, leads to superzone boundaries at
kg = +~2q.

Shown in Fig. 1 is the complete hole surface
for Tm metal determined from our APW cal-
culations. We use the double zone represen-
tation which is valid for the hcp structure in
the absence of spin-orbit coupling. This sur-
face is completely different from the free-elec-
tron Fermi surface, ' which consists of two
disconnected hole volumes. Figure 2 shows
several vertical cross sections of the Fermi
surface. The horizontal lines denote superzone
boundaries at kz —m(2m/7c) introduced by the
periodic magnetic ordering. The expected dis-
tortion of the Fermi surface at T =0 is given
approximately by the heavy solid curves. The
largest portions of the Fermi surface are de-
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FIG. 1. The complete Fermi surface for holes in
Tm metal in the double zone representation.
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stroyed by the superzone boundary correspond-
ing to ~ =3. Notice that this effect is a direct
consequence of the presence of several rela-
tively flat d bands in the vicinity of the Fermi
energy and mould not occur to any extent in
the free-electron model. Notice further that
the vector j= 4m/7c actually spans a section
of the calculated Fermi surface as can be seen

in Fig. 2(b). This is essential to the resistiv-
ity anomaly at the transition temperature as
discussed above.

In Fig. 2, me have drawn the perturbed Fer-
mi surface in such a way as to emphasize its
relationship to the unperturbed surface (the
light solid curves). It should be recognized
that the Bloch states which originally had unique
k values within the double Brillouin zone for
the hcp structure are now mixtures of 4 val-
ues differing by multiples of q. Therefore,
the assignment of a particular one-electron
state to a particular point in 4' space is ambig-
uous to this degree. However, the essential
feature of the result is that, in the magnetic
state, the Fermi surface normal to the ~ ax-
is is largely destroyed while segments paral-
lel to the axis remain, though somemhat per-
turbed. This implies a resistance anomaly
parallel but not perpendicular to the crystal
c axis, in agreement with experiment. It should
be pointed out, however, that the calculations
we have performed are all nonrelativistic and
that relativistic corrections, including spin-
orbit effects, will certainly modify, to some
extent, the computed Fermi surface. Never-
theless, we feel that the general features of
the Fermi surface, as shown in Fig. 1, and
of the effects of magnetic ordering, as shown
in Fig. 2, should remain even when the rela-
tivistic effects are taken into account. It thus
appears that the anomalies in the temperature
dependence of the resistivity of the heavy rare-
earth metals can be understood in terms of
the calculated energy bands of these materi-
als, and that qualitative agreement, at least,
exists between theory and experiment.

We are indebted to Mrs. A. Furdyna who

participated fully in many parts of this work.
We are grateful to J. H. Wood for making the
APW programs available to us and for many
helpful discussions, and to A. Furdyna and
R. Sheshinski for their help with many phas-
es of the computations.
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FIG. 2. Some vertical cross sections of the Tm
Fermi surface containing the c axis. The influence
of magnetic ordering is demonstrated by comparing
the low-temperature cross sections, shown as heavy
solid curves, with the high-temperature cross sections,
shown as light solid curves. The horizontal lines de-
note superzone boundaries at ks = +n!2w/7c) introduced
by the magnetic ordering.
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The existence of impurity resonant-scatter-
ing states lying in the acoustic band is compar-
atively well established. Such states have been
observed in thermal conductivity measure-
rnents, ' far-infrared measurements, ' and re-
cently by inelastic neutron scattering. ' One

particularly interesting impurity which is ex-
pected to produce an in-band state is the lat-
tice vacancy. Theoretical calculations' sug-
gest that the peak in the phonon-scattering cross
section for vacancies should be very sharp,
and should be well down in the acoustic ba.nd.
A phonon-vacancy resonant interaction has not
been seen experimentally as it has proved to
be quite difficult to produce vacancies in large
enough quantities to give a detectable effect.

We wish to report low-temperature thermal-
conductivity measurements which we believe
demonstrate a resonant scattering of phonons

by lattice vacancies. Further, the peak in the
scattering cross section seems to occur at
the phonon frequencies predicted theoretical-
ly, and the measured therma, l conductivity
curves agree rather well with the predicted
ones,

The systems studied were KCl doped with

CaCl„Sr Cl„EuCl„or Ba.C1,. In these eas-
es the lattice vacancy is a positive-ion vacan-
cy which accompanies the divalent impurity
ion. It is known that after proper heat treat-
ment, the vacancy is located in a positive-ion
position nea, rest to the divalent ion. One would

anticipate that any resonant-scattering states
produced by this system would be complicat-
ed indeed since the scattering center conta. ins
both a vacancy and a foreign ion. However,
the experimental data suggest a fa,r simpler
interpretation, namely that the dominant mem-
ber of the combination is the vaeaney, and the
divalent ion is seen only as a perturbation on

the vacancy effects.
The da.ta are presented in Fig. 1, which shows
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FIG. 1. Thermal conductivity versus temperature
for pure and doped KC1. Curve A, pure KCl; Curve B,
KCl:BaC12, Curve C, KCl:EuC12, Curve D, KCl:SrC12.,
Curve &, KC1:CaC12. All dopings are in the range 200-
300 ppm. Solid line through 8 is a theoretical curve
calculated from Krumhansl's cross section using Calla-
way's model (see Refs. 4 and 5). Dashed lines are ex-
perimental curves. A and B are actual data; for con-
venience, the original data have been multiplied by
0.29 to give Curve C, by 0.29 to give Curve D, and by
0.07 to give Curve F-.


