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We investigated the diffusivity and specific heat of pure iron, and also of solid solutions of silicon in
iron in the range 900-1500 °K. We found that the diffusivity of iron at —2.5 <log{(T—T.)/T.|<—1
is characterized by the critical exponents y(T > T .)=0.17+40.04 and y(T < T_.)=0.164-0.04, while
the thermal conductivity has a minimum in the region of T .. It is established that the increase of
the silicon impurity concentration in the iron leads to a certain growth of the total thermal
conductivity and to a change in the character of its anomaly near T .. It is shown within the
framework of the model of disordered spins that the electronic component of the thermal
conductivity above T/T_, =0.7 can be calculated in accordance with the Wiedemann-Franz law, but
at low temperature it is necessary to take into account the change in the Lorentz number.

1. At the present time, the question of the character
of the behavior of the temperature conductivity and
thermal conductivity of substances at critical points
remains open L1 This question is also unclear for a
classical ferromagnet as iron, in spite of the fact that
the investigation of its thermal properties has been the
subject of many studies (see, e.g., >"°!). Nor has the
influence of impurities on these properties been
investigated. In this connection, a study was made of
the influence of silicon on the thermal properties of its
alloys with iron, silicon being convenient because it
increases the resistance sharply, at least at low tem-
peratures, but produces hardly any change in the lattice
parameters and does not introduce an additional mag-
netic moment into the matrix at low concentrations.

Comprehensive investigations of the thermal diffusiv-
ity, of the heat capacity, and of the resistivity” were
carried out using pure iron from the Johnson and
Matthay firm (p(298°K)/p(4.2°K) = 128) and its alloys
with silicon containing 0.80, 1.77, 3.00, 5.79, 11.15,
18.11, and 25 at.%. The alloy preparation procedure
was described earlier "), The samples for the investi-
gations of the diffusivity and the heat capacity were
plane-parallel plates ~0.2 mm thick with area ~8x8 mm.

The diffusivity a was investigated by the method of
plane temperature waves [”], improved by using a more
sensitive infrared photoreceiver, a low-noise pre-
amplifier, and a phase detector "**, In addition, meas-
urements of the temperature wave amplitude oscilla-
tions (simultaneously with the phase shift) have made it
possible to determine the heat capacity Cp of the same
sample by the method described in 03] The measure-
ments were performed in a vacuum of 1x10"°* mm Hg
at 32 Hz for the heat capacity and 168.8 Hz for the dif-
fusivity. The adopted measures have made it possible
to attain a resolution of 0.2% in the diffusivity meas-
urements at a total error of 2.5-3% and a resolution 1%
in the measurements of the specific heat at 3.5% error.

2. The results of the investigations of the diffusivity
of pure iron (with allowance for the small correction for
the thermal expansion) are shown in Fig. 1. We see that
the character of the anomaly of a(T) near T is a
mirror reflection of the anomaly of Cp(t) (see, e.g.,
the latter being connected with the splitting of the max-
imum and of the discontinuity of C,. The figure shows
also the dependence of log a on loge (€=(T—T¢)/Te),
under the assumption that T¢ corresponds to the mini-
mum of a(T). In the range (-3 to —-2.5)<logl€l=-1, it

[14])
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FIG. 1. Temperature diffusivity a and thermal conductivity A of iron
in the region of the Curie point. Curve 1—data of [%].

can be represented in the form a(T)=Al¢€l|?, where
¥=0.16 at T<Tc and ¥=0.17 at T >T¢, with A =const.
The error in the determination of 7y, due to the scatter
of the points and the uncertainty in the regular part of
a, is approximately 20-30%. We note that the obtained
exponents differ greatly from the value 0.53 observed
for a number of liquids "*’.

Figure 2 shows the results of investigations of the
diffusivity of Fe-Si alloys. The main feature of the ob-
tained data is the fact that the values of a in the region
of T constitute an extremal function of the concentra-
tion of Si—there is a strong increase of a up to 5 at.%,
which gives way to a gently sloping decrease, with the
area above the minima decreasing t21, We note that the
a(T) curves reflect also the a-8 transitions and the
superstructure orderings, which conform approximately,
just as the Curie points, to the phase diagram **), In
addition, it is seen from Fig. 2 that above 1400°K and
below 1000°K the value of a remains practically con-
stant at low silicon concentrations (<3%) and decreases
monotonically only at high silicon contents.

Figure 3 shows the results of investigations of the
specific heat (Cp) of pure iron, and also of the alloys
Fe+0.80 and Fe+1.77 at.% Si. The figure shows also
the published data "®7»*®'")| The results confirm the
tendency towards decreasing Cp at maximum, and also
of the area under the Cp(T) curves with increasing
silicon content. The figure shows also plots of Cp(T)
in a semilogarithmic scale, from which it follows that
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FIG. 2. Diffusivity of solid solutions of Si in Fe at high temperatures.
Curves 1—-8—values for Fe alloys with 0.0, 0.80, 1.77, 3.00, 5.79, 11.15,
18.11, and 25.0 at.% Si, respectively. The dark large symbols distinguish
the diffusivity values at the minimum.
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FIG. 3. Specific heat of Fe and of solid solutions of Si in Fe in the
region of the Curie point. Curves: 1) average data of [¢7] for Fe; 3, 4)
our data for alloys of Fe with 0.8 and 1.77 at.% Si; 5) data of [!¢] for
Fe with 3.34 at.% Si, 6, 7) data of ['”] for Fe with 5.89 and 10.83 at.%
Si.

at | €l<107? our data for Cy agree with the limits of
errors with the results of '77, but that at smaller | €l
the high- and low-temperature branches of Cp con-
verge. Our data are then described more readily by a
power-law relation of the type Cp=Al€|~®+B, with
a=a’'=0.08withanerror of 50-80%. Comparison of
Figs. 2 and 3 shows that the specific heat depends much
less on the impurity content than the diffusivity.

3. Using the data obtained for the diffusivity and the
specific heat, and also for the density [‘5], we calculated
the thermal conductivity A of iron and of solid solutions
of silicon in iron. The results are shown in Fig. 4,
from which it is seen that the function A(T) has in the
region of T¢ a well pronounced minimum for pure
iron, shown in detail in Fig. 1. We note that the depth
of this minimum greatly exceeds the total error in the
determination of A. It follows also from this figure that
the addition of up to 3 at.% Si leads near T to an in-
crease of the total thermal conductivity and to a change
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FIG. 4. Total thermal conductivity A, its electronic component Ag,
and its “lattice” component A—A in solid solutions of Si and Fe at high
temperatures. Curves 1—6) Fe and 0.0, 0.80, 1.77, 3.00, 5.79,and 11.15
at.% Si, respectively; 7) data of [°]; 8) data of [?]. The insert shows
A—A¢ at T = T as a function of the silicon content.

in the anomaly, namely, a maximum appears alongside
the minimum. In this case X changes little at the ends
of the temperature interval, and its decrease begins only
starting with 6 at.% Si. The same figure shows the data
of /57 with the data of '®' having an anomaly of the same
type, but even more strongly pronounced, as well as data
on iron with silicon impurities.

4. To explain the nature of the described anomalies
it is necessary to distinguish between the contributions
made to the thermal conductivity and to separate from
the total thermal conductivity the electronic component
e of the thermal conductivity. According to **?, X can
be represented in the form

Ar-=szT (LuLoo“LmLol) /Lno. ( 1)
where

. -
Ly=Lyj*+Ly, Li* =G j katvaed fi(es) des,

(2)

ji(e)=e*/(e*+1)?, e.=(ers—ee)/kpT,
e and m are the charge and mass of the electron, €xy
is the energy of electrons with quasimomentum k and
with spin directed parallel and antiparallel to the mag-
netization, € is the Fermi energy, kp is the Boltz-
mann constant, and 7, is the relaxation time. Unlike
in "*®7, where only the mechanism of the scattering of
electrons by spin inhomogeneities is taken into account,
let us consider the thermal conductivity in the presence
of two other scattering mechanisms, phonon and im-
purity. In addition, it is possible to calculate more ac-
curately the integrals (2) without some of the simplifi-
cations used in "®’, Similar calculations of the electric
conductivity ["’], with account taken of the essentially
inelastic character of the spin scattering mechanism,
have led to a noticeable deviation from the Matthiessen
rule at T <Te¢.

Calculating the integrals of (2) ’, we obtain for the

Lorentz number the expression
I‘ ﬂz %

L—L,,(1+I——), L=%=,

[) e

3

] _i(a,.—e"’)ln’a,. _e*—1  (ay—e*)lna, (3
e (@1 T a1 (a—1)* '
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where Ly is the standard Lorentz number, x=H0/kBT,
H=sg uBHe, s is the spin (which we assumed to be
1/2), g is the Landé factor, up is the Bohr magneton,
and He is the Weiss molecular field. The expression
for the function ay (p is the relative magnetization) is
given in %', We note that formula (3) is valid only
within the framework of the molecular-field theory at
T >Tp (Tp is the Debye temperature). We note in ad-
dition that ay(—x)= 1/ ay(x), thereby ensuring satisfac-
tion of the Onsager relations.

The estimates of L. by means of formula (3), using
the necessary data (in analogy with '°?), show that the
Wiedemann-Franz law is satisfied at T=Tg, i.e.,

L =L,. In the ferromagnetic region on the other hand,

a deviation from this law appears, with | L—1Lo)/Lol = AL
increasing monotonically with decreasing temperature
reaching 12% for pure iron at T/T¢=0.3. It is clear
therefore that the separation of the electronic and lat-
tice thermal conductivities on the basis of the standard
Wiedemann-Franz law (see, e.g., [2]), may be one of

the causes of the incorrect physical results. In view of
the results, it becomes likewise unnecessary to use the
unjustified methods of separating Xe "°°.

Allowance for the impurity scattering does not lead
to a noticeable change of L near and above T¢, and since
p changes weakly in this case with changing composi-
tion "°7, the small dependence of A on the Si content be-
comes understandable (see Fig. 4). Calculation shows
that when the temperature is lowered the deviation AL
becomes smaller than for pure iron.

We note also that the thermal-conductivity anomaly
connected with the critical scattering of electrons by
short-range spin fluctuations appears to have the same
character as the corresponding anomalies in the elec-
tric conductivity *, and that the observed minimum of
MT) cannot be due to this scattering. It is possibly due
to strong phonon-electron scattering near T¢, as indi-
cated by the growth of A—2Xg following introduction of
impurities (see Fig. 4) that attenuate this scattering.
In addition, it is not excluded that the character of the
anomaly of MT) is influenced by the conditions under
which the experiment is performed, inasmuch as the
obtained values were measured at relatively high fre-
quencies, i.e., under nonstationary conditions.

We note in conclusion that in view of the distinct
relation between the electron and phonon scattering
mechanisms in iron, which leads to a damping of one of
the mechanisms by the other, the introduction of im-
purities does not affect the kinetic properties in not-
too-accurate experiments on either the electric con-
ductivity "7 or the thermal conductivity. This leads
to a fact that seems paradoxical to us, namely, Armco
iron of rather indefinite composition is successfully
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used by a number of investigators (see -1 as a
thermal-conductivity standard.

DThe data on the resistivity were reported earlier ['°].
IThe integrals have been calculated in ['°].
3)This has been demonstrated in [2!] for antiferromagnetic metals.
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