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from the anomalous lattice expansion near T,.
The question that remains, which can be answered
only by further experimentation, is whether criti-
cal lattice effects play a dominant role in the ex-
planation of the resistivity maximum near T, ob-
served in other systems (e.g. , GdNi, ' and GdPt, ').
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The thermal and electrical conductivities of several transition alloys have been mea-
sured at low temperatures at high magnetic fields. The Permalloys 70Ni-30Fe and 81Ni-
19Fe shower a 3/~ magnon conductivity at 4 K. The temperature dependence of the mag-
noQ conduct1V1ty for these two RHoys implies thRt the magnons R16 scRttex'ed by the elec-
trons through the s-d exchange.

Magnon thermal conductivity has already been
observed in ferromagnetic and antiferromagnetic
insulators'~ and there is some evidence of such
conduction in the ferromagnetic rare earths,
but there is no similar evidence in tra.nsition
metals. VVe have measured the thermal and elec-
trical eonductivities of several transition alloys
in the temperature range 1.2-4.5 K and in mag-
netic fields up to 6 T. The results for the Perm-
alloys 81¹-19Feand 70¹i-30Feare consistent
with a model for magnon thermal conduction
which assumes s-d exchange scattering of mag-
nons by the conduction electrons.

The apparatus is conventional, using carbon

resistance thermometers with an ac phase-sensi-
tive bridge. With it we have been able to make
measurements accurate to about 0.2% in most
cases.

For the 70Ni-30Fe alloy, the thermal conduc-
tivity was measured at zero external field (Bs
=0) and at three longitudinal fields above satura-
tion. The curve showing the difference in the
ther mal conduction from B~= 0 to B~=0.781 T
(Fig. I) can be predicted' from the corresponding
variation of the electrical conductivity by assum-
ing that the Wiedemann-Franz law is obeyed,
i.e., that the change is an electronic effect. This
law should hold exactly for these alloys since



VOLUME 25, +UMBER 17 PHYSICAL RKVIKW LKTTKRS 26 OCTOBER 1970

2.5 where c is the specific heat, e the group veloci-
ty, and 7 the lifetime of a magnon mode. If we
take some average over frequency for w (where
the average, 7„, may be temperature dependent)
then'
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FlG. 1. The change in thermal conductivity for sev-
eral applied fields Bz as compared vrith the thermal
conductivity at B&=0. The dashed curve is the com-
puted change for 3.3 T based on the change from 0.781
to 5.94 T.

electron scattering is by impurities and is elas-
tic. If there is a change in the magnon thermal
conductivity for these fields, it would not be
seen because it is much smaller than the elec-
tronic change and is lost in the uncertainties of
the Wiedemann- Franz calculation. However,
the data for the two higher fields cannot be ex-
plained on the basis of the change in the electri-
cal conductivity by using the Wiedemann-Franz
law and must therefore be due to the changing

magnon thermal conductivity.
The contribution of phonons to the heat flux is

appreciable, but it is independent of magnetic
field because the phonons are scattered by the
electrons, for which the relaxation time is much

less than the cyclotron period at all fields.
In order to analyze the data further, it is nec-

essary to assume some model for the magnon
thermal conductivity and see if it describes con-
sistently the magnetic-field and temperature de-
pendence.

The thermal conductivity of the magnon gas is

K = 3 C'U 7

where x = S(u/0 3T, y = gPBef f/I2BT, and D = ~~/q
is the exchange stiffness for the alloy. If we de-
note the integral by J(y) in Eq. (2), then &(y)/J'(0)
=Z(y)/13. 1 represents the fraction of the magnon

thermal conductivity that remains at a given
~ eff and T as compared with the magnon thermal
conductivity at that temperature at &gff —0

varies slowly with frequency, this model
should work. By using B,fj —Bp = (13/45)~,
(MES units), where M, is the saturation magne-
tization, we automatically take into account the
long-range dipole-dipole energy of the magnons"
and its effect on both the specific heat and veloci-
ty in Eq. (1)' for longitudinal fields.

By subtracting the experimental curve at BE
=5.94 T from that at 0.781 T (Fig. 1) and using

Eq. (2), & can be calculated for B,~f = 0. As a
consistency check, the thermal conductivity at
BE =3.3 T is calculated by Eq. (2) and is plotted
as the dashed curve in Fig. 1. It agrees very
well with the data taken at that field and is evi.-
dence that Eq. (2) is applicable. Since the re-
sults are calculated separately at each tempera-
ture, we do not use the constants in front of the
integral.

At B,fq =0 we find 1& ~ T" (Fig. 2). Accord-
ing to Eq. (2), therefore, i ~ T ' . We can
calculate 7 from Eq. (2) and the value' D =3.83
&&10 ' J m'. At 4 K we get 7 =1.75&10 "sec.
Since the expression under the integral in Eq. (2)
is peaked at @+=3.24'BT, we associate the calcu-
lated lifetime with that frequency and hence de-
rive an w ' =m ' ' dependence for the lifetime.
A better model may be obtained by putting this
dependence back into the original integral and

recalculating. We get

3T2 +~ex+3 (~ ~y)3/2~3/2
m 3+2@8/2D1/2 (

xev 1)2 9

where 7 =bw ' '. If we now use the same pro-
cedure to calculate & as before, we get (as we
would hope) essentially the same results, al-
though the temperature dependence is now closer
to the predicted T' than to T".

The electrical resistivity for this sample
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FIG. 2. The calculated magnon thermal conductivity
at B~~~=0 for both nickel-iron alloys and the total
thermal conductivity at I3z ——0. The points were calcu-
lated by linear interpolation from the raw data and are
only taken at half-degree steps.

shows a marked peak at about 0.1 T which prob-
ably occurs when the domains in the sample
start rotating. This peak has been observed in
other Permalloys. ' However, the thermal con-
ductivity data that we use were all taken at or
above 0.781 T, in a region where the magnetore-
sistance is well behaved and only very slowly
varying, with p =4.24&&10 0 m. Therefore,
the Wiedemann-Franz law can be used easily to
correct for the electronic change in the thermal
conduction above satur ation.

The thermal conductivity was also measured
for 81Ni-19Fe and the results (Fig. 2) are re-
markably similar to that of the other alloy. Us-
ing D=4.04X10 4 J m' the magnon conductivity
varies as T", and is equal to that of the other
alloy to within 10'%%uo over the temperature range
studied. Above saturation, p=4.32X10 ' 9 m.

The lifetime deduced from Eq. (2) and the con-
stant b from Eq. (3) again give consistent results,
and b is the same for the two alloys to within the
errors of .measurement. The value b =(21+2)

X10 'sec' ' predicts 7 =3.5&&10 ' sec at 57.8
GHz as compared with 6.2&10 "sec measured
at that frequency by linewidth of spin-wave reso-
nance (SWR).' This can be considered good
agreement in light of the uncertainties involved
in the extrapolation.

In the s-d exchange model, ' magnons are scat-
tered by the conduction electrons through an s-d
exchange integral J,„. At low temperatures this
gives ~ fx:~ ' '. The value is predicted to be
about 10 ' sec for thermal magnons at 10 K in
agreement with our experimental value. How-.

ever, there is considerable uncertainty in the
value of J,„and the predicted lifetime could differ
considerably from that value. If a momentum

gap exists between spin-up and spin-down s elec-
trons at the Fermi surface, then magnons with
less than that momentum cannot be scattered by
the s-d exchange. Note, however, that the mag-
nons excited in the thermal conductivity mea-
surements are typically an order of magnitude
higher in energy than magnons excited by SWR.
Therefore, this momentum gap is less likely to
be important. In addition, it seems probable
that the "smearing" of the bands that occurs on

alloying will reduce the size of the gap as com-
pared with the pure metal.

Other mechanisms are often considered in the
damping of magnons in metals but they can be
ruled out for various reasons. The lifetime for
magnon-impurity scattering varies as M

yielding a magnon thermal conductivity that is
virtually independent of temperature. " Eddy-
current damping of the magnons gives w ~co' 2

and hence ~ o- T', as compared with our mea-
sured T'. Moreover, the lifetime predicted is
a factor of 10 too large. '

Inhomogeneous broad-
ening should also be relatively unimportant since
our bulk samples were homogenized for 48 h

near their melting point and are quite uniform.
In addition, the grain size (0.1-0.5 mm) is large
compared with the mean free path (A = 2000 A)
of the magnons, and boundary scattering is negli-
gible.

Measurements on 67Ni-33Cu failed to show any
magnetic-field dependence of the thermal conduc-
tivity above saturation. From this, using Eq. (2)
and the value" D =2.03 &&10 J m', we can set

& 3 & 10 "sec. This probably indicates that
the magnons are strongly scattered by the mag-
netic disturbances on the copper sites. It is well
known that the nickel atoms near the copper sites
have reduced magnetic moments, "increasing the
size of the defect. In addition, clusters have been
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observed in these alloys, clouds of greater or
lesser than average magnetization. These may
be due to some metallurgical process like precip-
itation'4 or may be due simply to statistical fluc-
tuations. " Furthermore, in ¹i-Cu "soft," reso-
nant, localized magnon states may be available
at very low energies into which the magnons may
be easily scattered. " All of these factors can
reduce the magnon lifetime and thus our upper
limit seems reasonable. Unfortunately, existing
papers on SWR in these alloys do not report a
linewidth. "

These are the first observations of magnon
thermal conduction in transition metals. At 4 K
the magnons contribute only about 3% of the to-
tal conductivity, but since our samples are al-
loys, the change of the electronic and phonon

conductivities with magnetic fie1d is much less
than that. Thus we have been able to draw sev-
eral conclusions about the behavior of the mag-
nons in these metals. The results for the Ni-Fe
alloys indicate that the magnons are scattered
with 7 (x-(o ' '. The only mechanism which gives
this frequency dependence and predicts the cor-
rect order of magnitude for ~ is s-d exchange
scattering by electrons.
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A thick-target time-of-Qight technique has been employed to measure neutron energies
for (p,n) resonance levels near threshold in medium-weight nuclei. Combining the re-
sults with proton energy measurements of these resonances, the following ground state
(p,n) Q values have been deduced: K, ]203.8+().5 keV; 5Sc, —2843.6+4.0 keV; ' V,
-1533.7+ 1.5 keV; and Fe, -1618.2+2.0 keV.

Parks et al. ' have shown by a direct measure-
ment of proton energy, and an indirect measure-
ment of neutron energy, that the first compound
nuclear resonance to be reached in the reaction
40Ar(P, n)40K lies 3 keV above the true reaction
threshold. Johnson, Trail, and Galonsky' com-
ment upon this case but point out that there is
little other direct evidence for "resonance er-
rors" in Q-value determinations from (P, n)
threshold measurements, although the possibility

of such errors has long been recognized. '4 In
fact, Parks et al. state that Johnson, Trail,
and Galonsky misinterpreted the Duke results.
Thus, even for the reaction "Ar(P, n) adequate
data does not exist for demonstrating a reso-
nance error in Q-value determination from a
thick-target threshold measurement. We wish
to report a direct measurement of both proton
and neutron energies for the reaction 'K(P,
n)"Ca which shows that for this reaction a sub-
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