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at lo~ temperatures*
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The thermal and electrical conductivities of the alloy Fe68co» have been measured with high accuracy between
1.2 and 4.5 K, in external fields up to 5.2 T. The results show that magnons contribute about 10% of the
total heat conduction at 4 K. The magnon contribution v varies roughly like T" implying for the magnon
lifetime v' ~ T "~0) '. This is not far from the prediction r ~ co

' of the s-d exchange theory of magnon-
electron scattering, in the dirty limit A, q &1 ~here A, is the electronic mean free path and q is the magnon
wave number. The magnon lifetime value is r 7 & 10 ' sec at 4 K, which is four times as large as for the
nickel-rich Ni-Fe alloys investigated before. This large v value is probably caused by the very small electronic
density of states at the Fermi level. The effect of dipole-dipole interaction on the magnon dispersion curve is
unusually important in Fe6,Co», and is taken into account exactly.

I. PJTRODUCTION

Hea. t transport by ma. gnons was observed re-
cently' in two nickel-rich Ni-Fe alloys, between
1.2 and 4.5 K. This was the first such observa-
tion in transition metals. In order to separate this
magnon contribution, we used an external magnetic
field: the field removes the magnon contribution,
while the electron and phonon contrlbutlons are
field independent above saturation. The results
wexe roughly consistent with a simple kinetic the-
ory of magnon thexmal conduction and with the a,s-
sumption that magnons are scattered by conduction
electrons through the so-called s-d exchange inter-
action. Magnon lifetime was about 1.5x10 ' sec
at 4 K, and varied roughly like 7 o' and T ' re-
spectively, in the two alloys. The magnon con-
tribution a,mounted to about 3$ of the total thermal
conductivity at 4 K.

In a search for materials where the magnon con-
tribution might be la, rger and easier to measure,
we chose the alloy Fe«CO», which has a saturation
magnetization xeaching 2.62 T. This alloy cor-
responds to the highest point of the Slater- Pauling
curve. Its electronic structure is rather unusual.
The Fermi level for spin up lies above the top of
the 3d band while the Fermi level for spin down
lies in a gap between two subbands. As a result,
its electx'onle density of states ls less than one-
half of that of Ni- Fe and Ni-Cu. This should increase
considerably the magnon lifetime for any kind of
magnon-electron scat tering pr ocess. Finally,
magnon relaxatlon pl'ocesses lnvolvlng spin-orbit
interaction would be expected to be less active in
iron alloys than in nickel alloys, judging from g-
factor values. Indeed, we find the magnon life-
time in Fe«Co» to be four times as large as in

nickel-rich Ni- Fe alloys, and at least 35 times a,s
laxge as in our Ni-Cu. The magnon contribution
is about 1(P/q of the total conductivity at 4 K.

II. KINETIC MODELS FOR MAGNON

THERMAL CONDUCTIVITY

The thermal conductivity of a magnon gas along
the 8 axl.s ls given by

&m = ~&aTm.

where c is the specific heat, v the group velocity,
and 7 the lifetime of a magnon mode. The dipole-
dipole interaction changes' the dispersion relation
of a magnon, and therefore influences e and v.
This influence was taken into account only to first
order in the saturation magnetizationM, in our
work' on Ni-Fe. Due to the larger%, of Fe-Co, it
is advisable to treat the dipole-dipole interaction
exactly. The energy of a magnon of wave vector
q is

h&u =E (q) =gE'(q)] '+gp sM, sin'8 E'(q))

E'(q) =&q'+gVA&,

and where B~ is the external field, 8 is the angle
between q and M, , and the mks system is used
everywhere. We assume M„Bs,and the heat fiow
all to be parallel to the z axis, and we define

x =Dq /ksT, s =gijens/keT;

j =ggsM, /ks T, a = cos8;

f =E(q)/k T =[(x +z)'+j(r +s)(l —a')]'~'.

Combining Eqs. (1)-(3), we obtain
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0.7If magnon-electron scattering mediated by the
s-d exchange interaction is assumed to be domin-
ant, and if the "dirty" limit A, q «1 holds, where
A, is the electron mean free path, then one can
show" that v o: &u ', or g = I/2tr&u, where tz is
the so-called Gilbert parameter. Then Eq. (4) be-
comes
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For B =M, =0, j (0, 0) = &F( —,)g(z) =11.883, and
(x Z'. '. Also, the integrand x' 'e"/(e* —1)' in the

integral js(0, 0) has a peak atx =1.8. The different
assumptions, ' v =const and T o- & '/' would have
put the peak respectively at x = 3.2 and x = 2.6 in-
stead. The integral J~ has been evaluated for
various values of z and j, with the help of a digital
computer (Fig. 1).

By examining carefully the curves of Fig. 1, we
have found the following approximate relation to
hold

jD(j,z) = ja(0, z,ff'),
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FIG. 1. Predicted magnon thermal conductivity at a
field BE, normalized to the conductivity at B&——0, in the
dirty limit. The insert shows the function f(j) appearing
in the quantity z,« =z+f(j ), which describes the effect
of dipole-dipole interaction.

z.rr =z+f(j).
(6) jc(j,z) =

1 e'

, l(e' —1)' (7)

The function f (j) is shown as a solid curve in the
insert of Fig. 1. In the same insert, the dashed
line represents the "effective-field" approximation
f (j) = —,', j or B„=Be+~M, described in the Ap-
pendix of Ref. 1, which is correct only to first
order in j or M, . While z,«can always be defined,
a temperature-independent effective field B,«can
be defined only if j«1. For Fe«Co» at 1.5& T
&4.5 K, we have 2.5&j&0.8. In Ref. 1, we erro-
neously stated the expansion parameter to be M, /
B~ rather than j.

In the "clean" (or "anomalous" ) limit A, q» 1,
not only energy conservation but also momentum
conservation plays a role in restricting possible
nonf lip magnon-electron collisions. As a result,
we have now' 1/7 =b&u/q, where b is a, constant.

Therefore Eq. (4) becomes

x[2(x+z)x —jz(l -a')]'a'da dx.

For Bz =M, =0, jc(0, 0) = -,'F(4)g(3) =19.232 and g

o- T'. In Ref. 1, we assumed 7

even atB~IO, which is not quite correct. The
integrand x'e*/(e* —1)' in the integral jc (0, 0) has
a peak a.tx =2.6. The integral jc(j,z) has been
evaluated with the help of a computer.

Using Eqs. (6) or (7), the variation of the magnon
thermal conductivity between two field values,
B» and 8», can be written

(M„B»,T) —x (M„Bz„T)j(j,z,) —j(j,z,)
(0, 0, T) j(0, 0)

where J may be J~ or J~, depending on conditions.
Actually, the choice between JD and J~ affects
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the right-hand side of Eq. (8) only by a, few percent.
If we substitute experimental values of
[~„(M„Bs„T)—~ (M„B»,T)] into Eq. (8), we can
solve for the values of ~ (0, 0, T)

III. SAMPLE PREPARATION

The sample was prepared from high-purity
Johnson -Matthey metals by levitation induction
melting in an atmosphere of helium and cast into
an alumina mold. It was hot rolled in air through
a small rolling mill at about 800 'C, and machined
to the final shape 0.47X0.50x6.5 cm'. Then itwas
homogenized for 48 h at 1385 'C in a slow flow of
hydrogen dried and purified by passing through a
liquid-nitrogen trap. The temperature was then
lowered to 900 C, and the sample w'as annealed in
a vacuum of about 1~10 ' Torr for 2 h in order to
remove any dissolved hydrogen. Finally, it was
furnace cooled.

The sample has grains of about 0.5-1 cm in
diameter. Wet chemical analysis gave 33.5-wt%%uq

Co, which corresponds to the atomic composition
68C 32

The apparatus used in thermal conductivity mea-
surements is an improved version of the one de-
scribed in Ref. 1. In order to optimize the thermal
grounding of electrical leads going to the sample,
they now pass through the liquid-helium bath, and
enter the vacuum can through a feedthrough made
of Stycast 2850 low-expansion epoxy x'csin. ' The
radiation baffle in the vacuum line has been made
more effective. Because of the larger saturation.
magnetization of iron alloys, it is advisable to re-
duce the demagnetizing factor by using a longer
and thinner sample. It is then possible to wind the
heaters H, and H, directly around the sample.

The two Allen-Bradley 8 -W 100-Q carbon resis-
tors A, and 8, are connected to the arms of a new
type' of ac bxidge which allows to measure directly
8, and R, —A, on separate decades while still elim-
inating the influence of lead resistance. The meth-
od of calibxation of A, and R, is the same as in
Ref. 1. The unexplained A. -point discontinuities
mentioned in Ref. 1 are now somewhat smaller.
This may be due to the fact that we now regulate
the bath pressure with a rubber-diaphragm me-
chanical manostat, ' thus removing the heating of
the bath caused by our eaxlier electronic regula-
tor.

Although the systematic deviations between the
actual values of II,(T) or II,(T) and the values given
by the fitted Clement-Quinnel analytical expres-
sion' are small, it is essential to take them into
account; we perform the "zeroth-law test, " by

checking that the temperatures 7.', and T, calcula-
ted by the analytical expression from A, and R,
values measured under zero heatex power are
exactly equal. A small additive correction to 7,
is made if they are not equal.

The power in heater H, is chosen in such a way
that (T, —T,)/T, = 2%. The method used to mea-
sure the electrical resistance of the sample is the
same as in Ref. 1.

The electrical resistivity in zero field is 9.49
&10 'Q m at room temperature and 5.42&10 '
Q m at 4.2 K. In longitudinal fields, it increases
by about 1.5% up to saturation at 4.2 K. Above
saturation, it increases very slowly, being given
by p, ~

=5.503+0.004769~, where p„is given in
units of 10 ' Q m and B~ in tesla. It was mea-
sured up to 5.3 T, at temperatures of 4.2 and
1.9 K. To the experimental accuracy of +0.&o, it
was the same at the two temperatures, showing
that the alloy is in the residual resistance region
where electron scattering is mostly elastic.
Therefore, we can use the theoretical Fermi-
Dirac value L, =h.244x01' V'/K' of the I orenz
number, in order to calculate the electronic part
x, of the thermal conductivity by the Wiedemann-
Franz law ~, =

,I„T/ ~,
P(Fig. 2). The small varia-

tion ~x, between two fields at a given temperature
can be calculated similarly (Table I, third column).

The thermal conductivity was measured at fields
of 0, 0.669, 2.930, and 5.192 T, all parallel to the
heat current (Fig. 2). The last three field values
are sufficient to saturate the sample. Three runs
were made at the second and third field values.
Six runs were made at the highest field, because
the dispersion of data points was the largest at
that field. For clarity, only one run is shown for
each field on Fig. 2. Data dispersion is usually
about +0.3 jo. The total conductivity x is seen to
decrease for increasing fields, above saturation.
The a data are fitted at each field to third-order
polynomials, shown as solid curves in Fig. 2.
Using these smooth curves, we can evaluate the
variation of conductivity gg between the two field
values 0.669 and 5.192 T (second column of Table
I). Then assuming hv =ha, +6~, we find 6a
(Table I, fourth column). Substituting it into the
numerator on the left-hand side of Eq. (8), we
derive the magnon conductivity v (0, 0, T) given
in the fifth column of Table I and in Fig. 3. %e
assume the dirty limit to apply, and use Z~(j, z)
in Eq. (8). We take M, =2.62 T (Ref. 9), g=2.09
(Ref. 10), D =6.84x10 "Jm' (Ref. 11).

As a check, we can use these values of z and
Eq. (8) to predict the variation hx between 0.669 T
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FIG. 2. Measured thermal conduetlvitv K at various
fields, and calculated electronic thermal conductivity
xe at saturation.

and the middle-field value 2.930 T. This pre-
dicted Etc is found to agree well with the directly
measured ~x between the same field values.

Substituting our K (0, 0, T) values into Eg (5), .
we can solve for 0. at any given temperature
(Table 1). Then we define an average magnon

T (Kj
FIG. 3. Magnon thermal conductivity g~ of Fe68Co32

at B&-M~-0, and magnon lifetime 7' . The dotted line
shows the K~ values as calculated with the effective-
field approximation. The curves for Ni- Fe alloys are
from Hef, 1.

lifetime 7 =1/2n&u, where we choose ~ =1.8keT/K
for the average magnon frequency since the inte-
grand in J'~(0, 0) peaks atx =1.8. The resulting
values of 7 are shown in Table I and Fig. 3.

%e have also calculated 7 by the effective-field

TABLE I. Experimental quantities for Fe68Co32. The fifth column shows the magnon
thermal. conductivity. The sixth column shows the Gilbert parameter of thermal magnons.
The seventh and eighth columns show their frequency and lifetime. Data analysis is based on
the dirty limit.

T
(K) (m%/cm K) (mW/em K) (mW/cm K) (m%/em K)

e f= cu/2x

(10 ') (GHz)
75

(10 ~0 sec)

1.5
2.0
2.5
3.0
3,5
4.0
4.5

-0.2267
-0.3438
-0.4760
-0.6265
-0.7958
-0.9844
-1.1928

-0.0202
—0.0269
-0.0337
-0.0404
-0.0471
-0.0539
—0.0606

-0.2091
-0.3089
—0.4423
-0.5861
—0.7487
—0.9306
—1.1322

0.6967
0.8635
1.0901
1.3764
1.7255
2.1420
2.6311

0.51 56.4
0.63 75.2
0,70 94
0 73 113
0.73 132
0.72 150
0.70 169

27.46
16.58
11.98
9.59
8.18
7.27
6.65
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approximation (see Sec. II and Ref. 1), and the re-
sults are shown as the dotted line in Fig. 3. The
relative error introduced by this approximation is
the largest at the lowest temperatures. Even in

the case of a high-magnetization material such as
ours, this error does not exceed 15%.

If we consider the actual Lorenz number I, =zp~~/

T of our alloy, our data at 4 K yield I,/I„„=1.3.

VI. DISCUSSION OF RESULTS

Our results show that magnons contribute about
10%%up of the heat conduction at 4 K. Figure 3 shows
that ~„(0,0, T) varies like T" on the average over
the range 1.5—4. 5 K. This is close to the T"vari-
ation predicted by Eq. (5) for the dirty limit. The
agreement is even better if we consider only the
data between 2 and 4.5 K, where x (x T" on the
average (Fig. 3). Correspondingly, we find r
~ T "~ (~) "on the average between 1.5 and
4.5 K, in approximate agreement with the T '
~ (u) ' prediction of the s-d exchange model in the
dirty limit. And we find exactly r ~ T 'o: (&u)

between 2 and 4.5 K. Our Fe-Co results are an
a posteriori justification of the choice of the dirty
limit and of Eq. (5) to analyze our data. We have
also tried to use the clean limit [Eq. (7)], but self-
consistency is not obtained in that case. At 4 K,

=7.3&&10 'P sec, which is at least four times
the values found in nickel-rich ¹i-Fe alloys. ' For
comparison, these earlier Ni-Fe results are in-
cluded in Fig. 3. Note that the 7„and2 values are
affected by the slightly different mathematics used
in Ref. 1.

As we noted in Sec. I, these large magnon life-
times in Fe«Co» may be related to the unusually
small electronic density of states at the Fermi
level.

Also, electron-magnon collisions involving spin-
orbit interaction (i.e., anisotropic s-d exchange)
would be expected to be less active in Fe-rich
alloys than in Ni or Ni-Cu, judging from the smal-
ler values of ~g —2~, and from the scarcity of or-

bital degeneracies. This is experimentally con-
firmed too, "since e = 25& 10 ' for Ni at 300 K,
and z —-2.2&10 ' only for Fe at 300 K, from fer-
romagnetic resonance data.

It is interesting that such a long magnon lifetime
is achieved in a highly magnetostrictive material
like Fe„Co„.This shows that magnon-phonon
scattering is not a significant process for magnon
relaxation in metals.

We chose the Gilbert" parameter n =1/2&or in

order to describe spin-wave relaxation, because
it has the advantage of being dimensionless, and
of having a simple meaning related to the inverse
of the quality factor (Q factor) of a spin-wave
mode. The factor 2 in the denominator of this
equation comes from fact that 7 describes the
relaxation of M, while z describes the relaxation
of M„andM, . The I.andau-Lifshitz parameter
X=yM, a, where y gps/5, is more commonly
used. For Fe«Co„at1-4 K, we find e—- 0.71
&10 ', or A, = 3.4&10' sec ' in mks units. If cgs
units are used, this becomes A. ,~ = X/4v =0.27X 10'
sec '.

VII. DIRECT EVALUATION OF A q

Using existing data" for the ordinary Hall con-
stant JR p and our measured value for the resistivity
p, we can derive a rough value of A, . Assuming a,

spherical Fermi surface, we obtain A, =3.45
&10 ' m. From the known value" of D and from
the average spin-wave energy 1.BREST, we also
find@. Finally, this yields A, q =7.9 at 1.5 K and
A, q = 13.8 at 4.5 K.

It is interesting, though disturbing, that these
values suggest the clean rather than the dirty
limit. However, Rp and p are determined mainly
by some electrons of high mobility and strong 4s
character. In the case of 3d electrons of low
mobility and short A„A,q may be smaller by one
order of magnitude and approach the dirty limit.
This removes the contradiction.
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