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The longitudinal magnetoresistance of single crystals of terbium and holmium metals in their low-temperature
ferromagnetic phase has been investigated in magnetic fields up to 80 kOe. Typical magnetoresistance
isotherms exhibit a minimum which increases in depth and moves to higher fields as the temperature
increases. The magnetoresistance around 1 K, where inelastic scattering is negligible, has been interpreted as
the sum of a negative contribution due to changes in the domain structure and a positive contribution due to
normal magnetoresistance. At higher temperatures, a phenomenological approach has been developed to
extract the inelastic phonon and spin-wave components from the total measured magnetoresistance. In the
temperature range 4-2Q K (approximately), the phonon resistivity varies as T" for all samples. Approximate
upper and lower bounds have been placed on the spin-wave resistivity which is also found to be described by
a simple power law in this temperature range. The implications of this result for theoretical treatments of spin-
wave resistivity due to s-f exchange interactions are considered. It is concluded that the role played by the
magnon energy gap is far less transparent than previously suggested.

I. INTRODUCTION

The magnetic properties of the heavy-rare-
earth metals are associated with the distribution
of 4f electrons localized in the ionic cores. The
s f exchang—e interaction between the itinerant
conduction electrons and the localized ionic spins
gives rise to a spin-dependent contribution to re-
sistivity, p„which depends on the degree of or-
dering of the localized ionic spins. The detailed
behavior of p„particularly in the vicinity of a
magnetic-ordering temperature, is not completely
understood at present. Sufficiently far above the

upper magnetic-ordering temperature, the ionic
spins are randomly oriented. In this spin-disorder
limit, Kasuya' and de Gennes and Friedel showed
that p, tends to a constant value given by p«,
~ (g —1)'J(J+ 1),where g is the Landd factor and J
is the total ionic angular momentum divided by h.
A good correlation between the de Gennes factor
(g —1)'Z(J+ 1) and the measured p«, has been ex-
perimentally observed across the heavy-rare-earth
series. '

The low-temperature ferromagnetic state should
also be relatively simple, in principle, since cor-
relations between the ionic spins should be then
adequately described by a one-magnon approxima-
tion. Unfortunately, this regime is still not well
understood. Theoretical attempts to describe p,
in the low-temperature state of these metals have
been rather limited. Also, experimental estimates
of the spin-wave resistivity are ambiguous due to
the difficulty of isolating p, from contributions due
to inelastic electron-phonon scattering. In an ear-
lier work, 4 the phonon resistivity was taken to be
described by the Bloch T' law. Although this

method may be adequate for some simple mono-
valent metals, it is inadequate for complex poly-
valent metals such as the rare earths. In the pre-
sent work we have made an effort to isolate the
low-temperature spin-wave resistivity in Tb and
Ho single crystals without presupposing any ex-
plicit expression for the phonon resistivity. Our
approach is based on the fact that high magnetic
fields suppress magnon excitations; consequently,
electron-magnon scattering and p, can be sup-
pressed. Thus, it should be possible to extract
the spin-wave resistivity from magnetoresistance
data. Some high-field magnetoresistance results
on polycrystalline Gd have been reported by Luthi
and Rohrer. ' We report here detailed magnetore-
sistance results on Tb and Ho single crystals. The
outline of the paper is as follows.

In Sec. II, we give experimental details about the
sample preparation and the measurement tech-
niques. The magnetoresistance results are given
in Sec. III. A phenomenological approach to iso-
late the spin-wave resistivity from the data is de-
scribed in Sec. IV and the temperature dependence
of the spin-wave and the phonon resistivities is
discussed. Finally, the implications of these re-
sults are considered in Sec. V, with particular
emphasis on the problem of obtaining information
about the magnon energy gap from the spin-wave
resistivity.

II. EXPERIMENTAL DETAILS

The samples were prepared from two single
crystals of Tb and Ho which were purchased from
Metals Research Co. , Limited. The stated purity
was 99.9% and typical impurity analysis for both
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samples showed 1000 ppm wt. (max. ) of other rare
earths and trace amounts of Ta and W and other
metals present in amounts not exceeding 200 pprn

wt. (max. ). It is probable that the major impurity
present was oxygen. ' The various resistivity sam-
ples were spark cut frorr. these larger crystals.
The sample axis was aligned with a, particular
crystallographic direction to within about 1'. Typ-
ical sample dimensions were 4& 0.5 x 0.5 mm'.
After cutting and subsequent cleaning, the samples
were annealed at 600 'e for 6-8 h in previously de-
gassed quartz tubes at a pressure of 3~10 ' torr.
Electrical contact was made through fine platinum
leads spot welded to each sample. The potential
leads were attached as far away from the current
contacts as possible in order to reduce end effects.
The above procedure resulted in resistance ratios
[R(300)/ff (4.2)] of between 20 and 25 for all sam-
ples. At 4 K the resistivities were about V and 4

p, Qcm for the Tb and Ho crystals, respectively.
Some specimens were annealed at 800 'C without
significant change in their resistance ratio.

The samples were attached to copper blocks with

varnish. The blocks in turn were coated with tis-
sue paper and GE varnish to isolate the samples
electrically. These copper blocks were then
mounted on the main body of the sample holder
which carried the various thermometers. The
samples were mounted with the current direction
either parallel or perpendicular to the magnetic
field with an alignment error of not more than
9+3'. Repeated measurements on the same sam-
ple showed that slowly cooled specimens had lower
resistances at 4 K than when cooled rapidly. It is
most likely that the above method of mounting the
sample introduces strains so that the rapidly
cooled specimens were relatively more strained
than the slowly cooled samples. The magnetore-
sistance results should not, however, be signifi-
cantly affected by this small amount of extra re-
sistance. All electrical leads to the sample were
anchored to the sample mount assembly to elimi-
nate lead movement in the magnetic field.

The resistance variations with field and temper-
ature were measured with an ac potentiometer
technique which will be described elsewhere. '
Basically, the potential across the sample is com-
pared with that across a reference resistor kept at
room temperature. The currents through the sam-
ple and reference resistors are chopped synchron-
ously via two electronic switches and the unbalance
signal is detected with a lock-in amplifier. The
current ratio through the two circuits is then mea-
sured with two voltage-to-frequency converters
and it is directly proportional to the sample re-
sistance with a precision of one part in 20000 and

better. Because of the uncertainty in the sample

shape factor, the experimental results are given
in terms of this current ratio. As a check on this
ac method of measuring the magnetoresistance we
examined specimens of Cu and Fe both at room
temperature and helium temperature and compared
the photochopper results with results obtained with
a conventional dc potentiometer and galvanometer

amplifier arrangement. In both cases the two sets
of results agreed to within one part in 10'.

Three temperature sensors were used. A cali-
brated germanium thermometer (Cryo Cal Inc.)
served as primary thermometer. To avoid effects
of the magnetic field on the temperature sensor
we employed a capacitance thermometer to mea-
sure temperatures when the field was on. The
capacitance thermometer had a sensitivity of 200
pF/K near 4 K and the capacitance was measured
with a General Radio Co. type 1615-A capacitance
bridge with a resolution of 0.2 pF at a frequency
of 5 kHz. The bridge null was measured with a
lock-in amplifier and the output of the lock-in was
used as input signal for a temperature controller
which controlled the current through a heater in
direct contact with the sample mount. Between 4
and 25 K the temperature stability in fields up to
85 koe was about +10 mK. For temperatures
near 60 K stabilization was achieved via a copper-
constantan thermocouple rather than the capaci-
tance sensor.

III. RESULTS

Before we present the actual magnetoresistance
data we would like to make a few general com-
ments concerning the dependence of resistivity on

the samples's initial magnetic state.
The resistance measurements on several Tb and

Ho samples show that (i) the resistance well below
the ordering temperature depends on the cooling
rate of the specimens from room temperature
down to 4.2 K, as mentioned in Sec. II, and (ii) the
rnagnetoresistance isotherrns show a hysteresis
effect. The first effect, although it will determine
in part the actual resistivity of the samples at low
temperatures, did not, however, affect the mag-
netoresistance results. In an attempt to check ef-
fects of thermal hysteresis on the isotherms sev-
eral runs were made on the b-axis crystal using
different cooling rates. In one run the sample was
cooled down from room temperature to helium
temperature within 4 h. In another run the cooling
time from room temperature down to 100 K was 24
h, and from this temperature down to 4.2 K was
about 2 h. At 1.2 K, the sample resistance in
these two runs differed by almost 3%. In every
case, slowly cooled samples produced lower re-
sistances. However, the major features of the re-
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suits, such as depth of the resistance minimum
and its dependence on temperature (see below),
were independent of the cooling rate to within the
experimental error. Furthermore, the magnetic
field at the minimum was also found to be inde-
pendent of the thermal cycling. The cause of this
resistance variation is most likely due to strain
introduced in the specimens during cooling.

In the second effect, as the magnetic field is
applied at a given temperature, the resistance
changes and, on reducing the field back to zero,
the resistance does not return to its virgin-state
value (i.e. , unmagnetized state) but to a lower val-
ue which depends on the sample material and its
crystal orientation. On subsequent field cycling,
the resistance always returns to this lower value.
At. 1.2 K these decreases in the resistance are
2.2% and 1.6% for the Tb 5- and a-axis crystals,
respectively, and the corresponding changes for
the Ho crystals are 4.1/p and 2.1%. We attribute
this resistance decrease to magnetic-domain re-
alignment in the crystals. Thus, after magneti-
zation, samples seem to have fewer domains than
in the virgin state, and a common procedure is,
therefore, required to define a standard initial
magnetic state so that meaningful comparison can
be made of different resistance isotherms. The
following procedure was adopted for all measure-
ments reported in this paper.

First, the sample resistance as a function of
temperature was measured from 1.2 to 35 K. It
was then cooled down again to 4.2 K and magnetore-
sistance isotherms were taken both for increasing
and decreasing field, and H parallel or antiparallel
to the sample current. For H&10 kOe the results
were independent of the four field orientations, but
at lower fields the resistivity showed a hysteresis
effect. When the direction of the magnetizing field
was reversed, the isotherm passed through a
small maximum (0.2%) at around s kOe. Finally,
the sample was cooled down to 1.2 K and data for
the resistance versus field were taken for one
direction of the field only.

3.92% at 22.6 K. For the above two isotherms,
the minimum appears at around 1.4 and 8.0 kOe,
respectively. Some of the resistance versus mag-
netic field curves for a Tb (1120)-axis crystal are
shown in Fig. 2. The qualitative behavior of these
results is very similar to the 5-axis results.
However, the rate of decrease of the resistance in
this case is lower and as a consequence the mini-
mum appears at higher fields. For example, at
1.19 K the minimum occurs around 5.6 kOe. A
slow decrease in the resistance is due to the bas-
al-plane magnetic anisotropy which does not favor
domain alignment parallel to the g axis. The depth
of the minimum is 5.1% at 1.19 K and rises to
more than 8. at 31.3K.

B. Resistivity results for Ho crystals

Figure 3 shows some of the longitudinal magne-
toresistance isotherms for a Ho (1010)-axis crys-
tal. The resistance minimum at 1.19 K occurs
around 4 kOe and at 14.4 K it moves to 75 kOe.
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A. Resistance results for Tb crystals

The longitudinal magnetoresistance isotherms
for a Tb (1010)-axis crystal are shown in Fig. 1.
The resistance initially decreases as the magnetic
field increases and finally passes through a mini-
mum. The increase in the resistance at higher
fields is very similar to that observed in nonmag-
netic metals. The depth of the resistance mini-
mum and its position are both temperature de-
pendent. The depth of the resistance minimum is
measured relative to the zero-field value and is
2.48% of the zero-field value at 1.22 K and rises to
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FIG. 1. Variation of the longitu~&»l magnetoresis-
tance as a function of the applied field for the Tb (1010)
axis crystal with sample current f I I & I I &1010&. I„/I,
is the ratio of the currents in the reference and the
sample resistance is equal to the product of this ratio
and the reference resistance which is a constant. The
changes in the depth of the resistance minimum are due
to reduction in the electron-spin-wave scattering.
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FIG. 2. Variation of the longitudinal magnetoresis-
tance as a function of the applied field for the Tb (1120)
axis crystal. Sample currentTII Ill 0.100 .
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FIG 4 Variab. on of the longxtudinal magnetoresxs
tance as a function of the applied field for the Ho (1120)
axis crystal. Sample currentTII f II (1120l.
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The depth of the minimum with respect to the ze-
ro-field resistance increases from 0.26% to 11.6%
for the above temperatures. Some of the magne-
toresistance isotherms for a Ho (1120)-axis crys-
tal are shown in Fig. 4. The qualitative behavior
of these results is very similar to that of the b-
axis crystal.
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IV. ANALYSIS OF THE RESISTIVITY RESULTS

The total resistivity is generally expressed as
the sum of various resistivity components and for
a magnetic metal can be written as
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FIG. 3. Variation of the longitudinal magnetoresis-
tance as a f'unction of the applied field for the Ho (1010)
axis crystal. Sample currentTII Ill (1010l.

P = Pg+ Pp+ Pg) + Pg y

where p„ is the resistivity due to impurities and
static lattice imperfections, p~ is the resistivity
due to phonons, p~ is the contribution associated
with magnetic domains, and p~ is the resistivity
due to spin waves. The sum of p„and p~ is the
nonmagnetic part of the resistivity, while p~ and

p~ are expare expected to be strongly dependent on the
applied magnetic field. The determination of the
field and temperature dependence of the various
components is a formidable problem. ' Since no
trustworthy comprehensive theory exists as yet
for the electrical resistivity of complex magnetic
metals, we are obliged to adopt a phenomenologi-
cal approach.
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The essential point is that the temperature-de-
pendent resistivity due to inelastic scattering,
p~+ p~, is imposed on a magnetic-field-dependent
background which must be extracted from the total
resistivity data if we are to accomplish our ob-
jective of isolating the magnon-induced contribu-
tion. The general features of this background are
apparent from the T = 1.2 K isotherm in Fig. 1,
where the inelastic contribution is negligible. The
magnetoresistance at T = 1.2 K can be interpreted
as the sum of a rapidly varying negative contribu-
tion, which saturates at relatively low fields, and
a slowly varying positive contribution which dom-
inates in the high-field region. The negative con-
tribution is ascribed to domain effects (wall mo-
tion, domain reorientation, etc.) which is support-
ed by the fact that it saturates at fields where tech-
nical saturation of the magnetization occurs.""
The slowly varying positive contribution is char-
acteristic of the normal magnetoresistance, owing
to the Lorentz force on the conduction electrons,
which is observed for nonmagnetic metals a,s well
as for the 3d-transition-series ferromagnets. "

At higher temperatures, there are temperature-
dependent contributions to the resistivity due to in-
elastic scattering of electrons from phonons and
spin waves. In addition, the purely "elastic"
background magnetoresistance, due to domain and
Lorentz-force effects, may be temperature de-
pendent. In the following analysis, we assume that
this implicit temperature dependence of the back-
ground can be neglected relative to that arising
from the explicit inelastic scattering. The rea-
sons are the following: (i) The domain structure
and stabilization at low temperature are deter-
mined primarily by static imperfections, which
are not temperature dependent, and by magnetic
and other anisotropy energies. The temperature
dependence of the latter enters implicitly through
the spontaneous magnetization which is field de-
pendent but is certainly not strongly temperature
dependent"" in the range of present interest
(Ts 30 K). (ii) To appreciate the fact that the tem-
perature dependence of the normal magnetoresis-
tance is also weak, suppose that it may be repre-
sented by a form of Kohler's rule, "appropriately
modified for a ferromagnet, &p(T, B)lp(T, 0)
=F(B/p(T, O)). The temperature dependence of B
=H+ 4' is weak, as discussed above. The de-
termination of p(T, 0) is delicate for high-purity
materials, "'""but the low-field resistivity of
the present rare-earth-metal samples is dominated
by the residual resistivity (due to static imperfec-
tions such as impurities) throughout the tempera-
ture range of interest. Consequently, we may set
p(T, 0) = p, to a good first approximation" so that
the dominant contribution to the normal magneto-
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FIG. 5. (a) Temperature variation of the inelastic re-
sistivity pH,

&
(T H) for Ho b-axis crystal for fields of

0, 8, and 80 kOe. Also shown is the zero-field inelastic
resistivity p";„",

&
{T)of a b-axis Lu crystal (Ref. 17). (b)

V—magnon resistivity obtained by subtracting p,.„"„(T)
from pHo& (T,H). This represents an upper limit to
p",' (T,H). &—magnon resistivity of b -axis Ho from
Eq. (4) and the assumption that all magnons are quenched
in a field of 80 kOe. This represents a lower limit to
pH'(T, H).

resistance is seen to be also weakly temperature
dependent.

As a result of these considerations, we conclude
that the temperature dependence of p(T, H) is dom-
inated by inelastic scattering from phonons and
magnons. Thus, the net contribution of inelastic
scattering, for a given applied field H, may then
be extracted from the total resistivity by simply
subtracting the field-dependent, but temperature-
independent, elastic background which is given by
p(T= 1.2 K, H). That is, p(T, H) —p(1.2 K, H)
= p. „(T,H) is to be interpreted as the sum of a
phonon contribution p~, which is very weakly field
dependent, and a spin-wave contribution p~. The
latter is not only temperature dependent but is also
field dependent due to suppression of thermal mag-
nons by an applied field. The validity of this inter-
pretation is illustrated by Fig. 5(a) where we have
plotted p „(T,H) f.or a Ho b axis c-rystal as a func-
tion of temperature for applied fields of 0= 0, 8,
and 80 kOe. As expected, p „(T,H) is. a monoto-
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nically increasing function of T and a decreasing
function of H. The determination of p~(T, H) from
Fig. 5(a) is still not trivial since p~(T) is not
known g priori for Ho. However, it is reasonable
to expect the phonon resistivities of Ho and non-
magnetic Lu to be quite similar (their Debye tem-
peratures'"" are 161 and 165 K, respectively).
The temperature-dependent contribution to the re-
sistivity of a b-axis crystal of Lu, as given by
Boys,"is also given in Fig. 5. If we assume
p~ (T) to be an adequate approximation to p~s'(T),
then the purely magnon contribution to Ho resis-
tivity is given by

p(1.2K, H)= p, + pD(H)+ aB~/pp ', (2)

where p„ is the residual resistivity, as before, and
pn(H) = p, + p~ (H) is the domain resistivity with p,
being its high-field limit. For present purposes,
it will not be necessary to inquire closely. into the
detailed origin of pD. It is well known experimen-
tally that the low-temperature resistivity of a sim-
ple ferromagnet is different in a multidomain state
than in a single-domain state. This may be due to

The magnon resistivity determined in this way is
shown as the upper curve in Fig. 5(b) for the zero-
field case.

It is clear from Fig. 5 that the temperature de-
pendence (monotonically increasing) and the field
dependence (monotonically decreasing) of pz(T, H)
are qualitatively as expected. Of course, this es-
timate of p~ is based on the assumption that the
phonon-induced resistivities of Ho and Lu are very
similar. Although this assumption is not unrea-
sonable, it is useful to have a second and inde-
pendent method for estimating pz. An alternative
approach will therefore be given.

The magnetoresistance data are first corrected
for the effect of magnetostriction on the sample
shape factor, ' and the corrected magnetoresistance
R *(T,H) is expressed in dimensionless form as
R*(T,H)/R, = p(T, H)/p„where R, is the sample
resistance at T=1.2 K and H=O. Based on the
previously discussed picture of field-dependent
contributions due to domain and Lorentz-force ef-
fects, the T=1.2 K isotherm was characterized by

orientation dependence of the normal magnetore-
sistance' within a domain or to scattering at do-
main boundaries. " In either case, strong temper-
ature dependence is not expected. The form of the
last term in Eq. (2) is suggested by Kohler's rule
where g and P are constants and p is the resis-
tivity at the minimum. " The terms in Eq. (2) were
determined by a least-squares-fitting procedure
as follows: The data for fields H) 25 kOe (i.e. ,
well above technical magnetization) were fitted to
p„+aBr/p ', thus determining p„=p„+p„as well
as a and P. This result was then subtracted from
p(1.2 K, H) to yield p~(H), the field-dependent
component of pn(H), which was found to be well de-
scribed by" p~(H) = p~(0) "". In practice, it was
found to be convenient to apply this fitting proce-
dure to the corresponding dimensionless form,
with T=1.2 K;

R *(T,H)/Ro=(R„+ CB /[R *(T)] '+R~(H)}/R .0(3)
The values of the parameters deduced from this
nonlinear least-squares fit are given in Table I.

In order to extract the temperature-dependent
resistivity, we retain the previously discussed hy-
pothesis that the field-dependent resistivity at
T= 1.2 K serves as a baseline from which inelastic
contributions to p may be measured. It must be
emphasized that Eq. (3) may be regarded as a
quantitative parametrization of this T = 1.2 K base-
line, and its utility in this respect is independent
of the interpretation of the individual components.
An estimate of the phonon resistivity at higher
temperatures can be obtained if we assume that
magnons are fully suppressed by magnetic fields
substantially greater than H, the field at the min-
imum of a given isotherm. Then the spin-wave
resistivity is essentially zero and the total resis-
tivity is described by Eq. (3) with R„replaced by
R„(T)=R„+R,+R&(T). Note that the minimum in
the magnetoresistance moves to higher fields as
the temperature increases so the experimentally
accessible range over which this approach may be
used gets smaller. To determine the temperature-
dependent parameter R„(T), and hence the phonon
resistivity, it is sufficient to use the previously
determined parameters for the temperature-inde-
pendent background. Following this procedure,

TABLE I. Nonmagnetic resistivity and domain-resistivity parameters (see text).

Crystal
orientation

Tb (10io)
Ho (1010)
Ho (1120)

106—C
R()

129.5 + 1
55.88+ 0.04
20.18+0.01

1.161+ 0.016
1.40 + 0.01
1.567 + 0.013

04 Re~0)

R()

430+ 6
182+ 1
103+2

103A (koe)

456
655
456
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the spin-wave resistivity is given as that part of
the inelastic scattering which can be suppressed
by an applied field,

R (T, H)=R *(T,H) -R„(T)-R (H) —C [R *(T)]

(4)

higher fields. This may be due in part to the
"breakdown" of a simple power-law description at
high T. However, it should be noted that the in-
trinsic uncertainties in extracting p(T, H) also in-
crease at high fields so that less significance

To illustrate the results of this analysis, we have
plotted pz(T, H=O) for a Ho b ax-is crystal as the
lower curve in the insert in Fig. 5 so as to com-
pare with the results of the previous method. It
should be emphasized that these two methods pur-
posely represent extreme and complementary sit-
uations. In the initial approach, taking the phonon
resistivity to be described by that of Lu implies
that a substantial magnon contribution remains
even at rather high fields, whi1e the second ap-
proach assumes that 80 kOe is sufficient to sup-
press essentially all magnon scattering. For this
reason, we feel that the two methods yield approx-
imate upper and lower bounds to the true spin-
wave resistivity. In this case, Fig. 5 suggests
that the average p~ is known to within +20%%uo.

On the basis of these results, we conclude that
adequate estimates of the contributions to the total
resistivity have been obtained and their tempera-
ture and field dependences will now be discussed.
Detailed results will be given only for the second
method of analysis. The parameters describing
the field-dependent background (the T = 1.2 K iso-
therm) are given in Table I. In Fig. 6, we give a
log-log plot of the phonon resistivity as a function
of temperature for the b-axis crystals. The data
are seen to be well described by power laws" of
the form

[R„(T)-R„]/R, = bT

-2
10

~ L

Values of the parameters b and m were determined
by a least-squares fit and are given in Table II.
These resu1ts show that the phonon resistivities of
Tb, Ho, and Lu" are very similar indeed. Fin-
ally, the temperature and field dependence of the
spin-wave resistivity deduced via Eq. (4) can be
described.

For the Tb b-axis crystal, spin-wave resistivity
isotherms are plotted as a function of applied field
in Fig. 7 while a log-log plot of the temperature
dependence at constant field is given in Fig. 8. The
latter shows that the spin-wave resistivity can
also be empirically described by a simple power
law in the intermediate temperature range,

Rz (T,H)/Ro = aT" .
Values of a and n determined by a least-squares
fit are also given in Table II. It may be noted that
the exponent n is independent of 0 at low fields
(less than about 20 kOe) but tends to increase at

l0

10-4 I I I I I I II

T(K I
10

I I

20 50

FIG. 6. Variation of the deduced phonon resistivity as
a function of temperature in the b-axis crystals of Tb and
Ho metals. The normalization constant Rp is the total.
resistance at 1.2 K and at H = 0; R„ is the field-indepen-
dent part of the resistance at 1.2 K. For comparison,
the resistivity results of nonmagnetic Lu metal (data
from Ref. 19) are also shown in the figure, in this case
Rp=R+ is equal to the total resistance at 1.3 K
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sion of J~z(q) and by quadratic terms in the mag-
non dispersion relation. Details of the complete
low-temperature expansion will not be given as its
usefulness is limited to temperatures such that

«1. In this range, however, the resistivity
is dominated by the residual resistivity and suf-
ficiently accurate estimates of ps are very diffi-
cult to obtain. For this reason, the prospect of
obtaining information about the energy gap from
ps appears feasible only if n. (T,H) is reflected in

ps in a characteristic way in the intermediate
temperature range (say, 0.2 sT/T, &1).

At intermediate temperatures, Eq. (9) can no
longer be evaluated analytically in closed form in
terms of standard functions so the integration was
performed numerically. For simplicity, the en-
ergy of the optical branch was taken to be a con-
stant, &„„and the acoustical branch was de-
scribed by

tive numerical results" are given as a log-log
plot in Fig. 11 as a function of r = T/T, . For com-
parison, the experimental results for a Tb b-axis
crystal (with T, = 20 K) are also given. The follow-
ing points should be noted. The calculated results
show no sharp structure and increase monotoni-
cally with temperature, even in the vicinity of
T Tp Also, if fitted to a power law, the calcu-
lated and experimentally determined pz(T) have
rather similar temperature dependences for T& T,.
We conclude that, even in this simple and favor-
able model, the energy gap is not reflected in the
spin-wave resistivity in an obviously transparent
way. We conclude that attempts to extract n(T, H)
from the measured ps of real systems appear to
be far less promising than heretofore suggested, "
particularly in the absence of a clearly adequate
theory of simple transport properties in these
complex systems which might assist in the inter-
pretation.

where q~ is the Debye wave number, in an attempt
to include some of the structure at larger q.
Equation (9) was evaluated for a range of values of
temperature and model parameters. Representa-
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