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The electrical resistance of nickel, iron, and copper alloys of nickel, containing up to 25%

copper, have been measured in the temperature interval from 2 to 78°K.

It has been found

that in the region 4° < T < 78°K, within experimental error, the temperature dependence of
the electrical resistance is given by formulas (3) or (4) where m = 3/2, l~n=~5, where
the phonon terms T and T become important only at temperatures above 20 to 30°K.
Assuming a three-halves law for the temperature dependence of the spontaneous magneti-
zation Ig, it is easy to relate the electrical resistance p to the ferromagnon concentra-
tion n=1-Ig/I;,, (where I, is the magnetization at T — 0) and to obtain a numerical
value for the coefficient (p — pg)/n, where p, is the residual resistance. A comparison
of this coefficient in nickel with the quantity Ap/An, where Ap and An are the changes
in p and n due to changes in the true magnetization in strong magnetic fields, shows that

these quantities are approximately the same. This may be taken as indirect evidence of the
validity of the assumption that the electrical resistance of ferromagnetic metals at low tem-
peratures is related to scattering of electrons by inhomogeneities in the magnetization of the

lattice (scattering by ferromagnons).

THE electrical resistance of iron, nickel and
nickel-copper alloys has been studied in a number
of papers,!™ but only in a relatively narrow tem-
perature range. Thus, in our previous paper‘ the

" electrical resistance of nickel and nickel-copper
alloys was studied between 2 and 4.2°K and between
14 and 20.4°K. In the present work the temperature
dependence of the electrical resistance of these
metals and alloys was studied over the entire tem-
perature region from 2 to 78°K. The data obtained
help evaluate the validity of various theoretical ex-
pressions® " and establish the relation between
changes in electrical resistance and spontaneous
magnetization in ferromagnets in the low tempera-
ture region.

1. METHOD OF MEASUREMENT. SAMPLES.

The resistance was measured by a potentiom-
eter method (using a PPTN-1 potentiometer). The
samples were wires 0.1 to 0.2 mm in diameter and
150 to 160 mm long wound on a copper coil which
was placed in a copper container 8 mm high for the
measurement. The compositions of the alloy sam-
ples are given in the table. The iron samples were
made from Armco iron wire. The nickel was chem-
ically pure and its residual resistance was approxi-
mately 0.2 X 10 8ohm-cm rather than 1.54 x 1078
ohm-cm for the nickel sample used earlier.!

All samples were annealed in vacuum at 900°C
for an hour and then slowly cooled at the rate of

. 00-10¢, [pg-10%, [ a-100, B-10%°, 10, ‘H“CO:-/ b-10' .
Specimens Q-cm| Q- cm |{Q.cm/deg|Q- cm/deg?|Q-cm/deg ® deg’ls Q.cm/deg® m n
INr;f‘kel 0.20 | — 1 0.4 0.2 | 2 5 igé 4.9 gtzs
1.4 . 0. 1. 1.8 7.7 . . .
Alloy of Ni-Cu 58 1.44 3 4 5
(annealed)
4.69 Cu | 4.95 - 17 0.4 0.8 4.5 8.2 1.4914.815.3
9.99% Cu | 9.27 —_ 30 0.4 — 8.0 — 1.48| —
15.19% Cu (12.65 — 40 0.4 0.2 8.4 5 1.474.81(5.6
20.09 Cu [16.22 — 49 0.6 — 15.0 — 1.91| — |—
25.19% Cu 20,25 [19.85 51 1.1 — — — — | —|—
Alloy of Ni-Cu
hardened
¢ 9.9‘% Cu [10.0 9.78 36 0.5 — —
15.19% Cu [14.26 [13.74 58 0.6 — — — — | — =
20.09% Cu |17.80 [17.70 70 0.6 — — —
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FIG. 1. Electrical resistance of nickel, iron and ’7/.5 y 75 3 W

nickel-copper alloy as a function of temperature:
O — after annealing, A — after hardening,

100 degrees per hour. In addition, three samples
were fabricated for which the annealing at 900°C
for an hour was followed by rapid cooling (hard-
ening) in air.

The temperature in the intervals 2 to 4.2°K, 14
to 20.4°K and 63.1 to 77.3°K was determined by
measuring the pressure. In the measurements in
the temperature region 4.2 to 14°K and above 20.4°K
the container with the sample was suspended in a
Dewar flask above the level of liquid and the tem-
perature measured with a carbon resistance ther-
mometer which had been calibrated against a gas
thermometer. The error in the measurements in
the 4.2 to 20°K region was 0.1 degree; in the region
above 20.4°K the error was 0.5 degrees.

2. RESULTS

In Fig. 1 are shown curves which indicate the
temperature dependence of the electrical resist-
ance p in iron, nickel and nickel-copper alloys.
In the curves for certain alloys there are “steps”
in the temperature region 3 to 10°K. In the an-
nealed samples these “steps” are generally smal-
ler than in those which were hardened. In our
earlier work? data have been given concerning the

148 24 2

FIG. 3
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effect of magnetic field on the size and position of
these “steps.” It is possible that these “steps”
are due to the presence of inclusions of supercon-
ducting materials which are not detected in chemi-
cal or spectral analysis; however, it is also pos-
sible that what is being observed is an anomaly,
similar to that which was found in Refs. 8 and 9
in certain non-ferromagnetic alloys. In the pres-
ent paper we shall not discuss these “steps” and
consider the temperature dependence of the elec-
trical resistance only outside the region in which
they appear.

At the outset, we remove from p the residual
resistance term p, which is independent of tem-
perature. In many cases p, can be determined
by linear extrapolation of the left-hand part of the
curve of p(T) to zero; however, this extrapola-
tion procedure is not very accurate. We have de-
termined p, by expanding p(T) in a power
series

o(T)y=op0o+a«T -T2+ ... (1)
In this case, if the first three terms are considered,
the error in the determination of p, does not ex-
ceed the error in the measurements. In those cases
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FIG. 4. 0 — nickel, V~ iron, ® — alloy with 4.6 % copper,
x — alloy with 15.1% copper.

in which “steps” are observed on the p(T) curve,
two values of the residual resistance are taken,
namely: p, for the part of the curve lying to the
right of the step, in which case the expression in
(1) is used, and pj; which is obtained by linear
extrapolation to zero of the part of the p(T) curve
lying to the left of the step (T < 3°K). The values
of py and py; and @ and B, obtained in this way
for the different samples, are shown in the table.
The quantity (p — py)/T as a function of T
and the quantity In(p — py) as a functionof In T
are shown in Figs. 2 and 3 respectively. Depar-
tures from a straight line are observed in Fig. 2
starting at T > 30°K. In the temperature region
4 < T < 18°K the dependence of the electrical re-
sistance on temperature may be described by three
terms in the formula in (1) or by the formula*

=po +aT™, (2)

where a and m are constants. The values of
these constants are given in the table. In all sam-
ples the exponent m is approximately ¥%.

The sharp increase in electrical resistance at
temperatures greater than 20 to 30°K indicates
that we may be dealing here with a T® relation.
To verify this assumption the curves shown in
Figs. 4 and 5 were plotted; in these curves the
quantities In(p — py— aT - BTZ) and In(p - py
— aT™M) are plotted against In T. In both figures

*The fact that there are two formulas for the temperature
dependence in a limited low-temperature range is not incon-
sistent. It is apparent that the formula for p can be written in
the form of a power series, using any parameter which is small
close to absolute zero. Such a parameter could be T or T™
with m > 0. The present experimental data indicates that in
the region 4 —20°K the dependence of p on T is given by the
first three terms in the power series or two terms in the series
in powers of T%,
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FIG. 5. 0 — nickel, V- iron, @~ alloy with 4.6 % copper,
x — alloy with 15.1% copper.

the points lie on straight lines. Thus the tempera-
ture dependence in the region 4°K < T < 77°K is
given either by

o= po+ oT + BT +T! (3)
or
p = po -+ aTm + bT", @)

where I and n are approximately 5. The values
of I, n and the coefficients v and b are shown
in the table.
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FIG. 6. Residual electtical resistance of a nickel-copper
alloy as a function of composition. 0 -~ after annealing,
A~ after hardening,

Figure 6 shows the residual resistance p, as a
function of the copper concentration in nickel-cop-
per alloys for hardened samples and annealed sam-
ples. This relation is linear up to copper concen-
trations of 25%. Points corresponding to py; in
samples in which “steps” were observed, as is
apparent from the table, lie below the lines which
pass through the py points in the “normal” samples.
Thus the anomaly is observed as a reduction in the
resistance as compared with “normal” behavior;
this is the basis for the assumption that the effect
is due to superconducting inclusions.
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3. DISCUSSION OF RESULTS

The electrical resistance of metals is related
to scattering of electrons by thermal vibrations of
the lattice (phonon scattering), scattering by in-
homogeneities in the magnetization (in ferromag-
netic materials — scattering by ferromagnons)
and scattering by impurity ions which appear in
the lattice. From the results which have been
given above it follows that in iron, nickel, and
nickel-copper alloys the phonon term, which is
proportional to T? in the Bloch theory, is impor-
tant at temperatures above 18 to 30°K. We may
note that if the Bloch relation

p1=497.6(ps/ 02 T, T®

(where ®q is the Debye temperature T; < @4
< T,) is used to compute the T® coefficient in
nickel, a value of 9.5 x 10!® is obtained and this
is close to the value of b given in the table.
Scattering by inhomogeneities in the magnetiza-
tion of the lattice (ferromagnons) has been con-
sidered theoretically by Vonsovskii and Turov.®’
The quantity Ap, that part of the electrical re-
sistance of a ferromagnetic metal which depends
on the inhomogeneity in the magnetization, is given
by Turov in the form Ap = ¢{T + c,T?, which
yields the same relation between p and T as the
empirical relation in (1). The theory does not give
the values of the coefficients c¢; and c, and thus
cannot be compared quantitatively with the experi-
mental results. However, using the experimental
data it is possible to show indirectly that the tem-
perature dependence of the resistance p in the
ferromagnetic metals investigated in the region
from 4 to 18°K is actually related to inhomoge-
neities in the magnetization and to make a rough
estimate of the interaction energy which charac-
terizes the scattering of electrons on the indicated
inhomogeneities. For this purpose we have com-
pared the change in p in the indicated tempera-
ture region with the isotropic changes in this quan-
tity in strong magnetic fields. The latter are pro-
portional to the true magnetization and are thus
directly related to the concentration of ferromag-
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nons. We have also compared both quantities with
the change in residual resistance in nickel-copper
alloys as the copper concentration is changed.

In the low temperature region, it follows from
the Bloch theory and has been shown experimen-
tally,%!! that

(To—1s) [ Iy = (T/B")",

where I, is the magnetizationat T =0 and @’
is a parameter related to the exchange energy. In
Fig. 7 the values of p — p, are plotted against
(T/@')¥2. In plotting these curves the values of

@’ for nickel and iron were taken from Refs. 10
and 11. In Fig. 7, as can also be seen directly
from Fig. 3 and Eq. (2), in the temperature region
4to 18°K p is a linear function of (T/0")¥2, and
thus of Iy—Ig /Iy=n, i.e., the concentration of
ferromagnons (in the region 4 to 18°K, n < 0.001).
According to the present data the quantity (p —pg)/n
is 2.2 X 107% in nickel and 4.4 x 10™° in iron.

We now compare (p— pg)/n with IjAp/Alg =
Ap/An where Ap is the change in electrical re-
sistance which accompanies a change Alg in the
true magnetization in strong magnetic fields. In
nickel, in the region from 4,000 to 18,000 oersteds,
we have at room temperature Ap/pAH = 0.25 X
1078 (Ref. 12), Alg/AH =1.3 x 107, (Ref. 13),
0.7x1074 < Alg/AH < 1.2 x 1074 (Ref. 14), and
p =11 x10"%ochm-cm. Assuming I, =509 we have
Ap/An ~ 1073 or 2.0 x10™° > Ap/An > 1.1 x 107°,
These quantities are of the same order of magni-
tude as (p — py)/n, and this may be considered an
indirect verification of the fact that the electrical
resistance of ferromagnetic metals and alloys in
the low-temperature region is related to scatter-
ing of electrons by inhomogeneities in magnetiza-
tion of the lattice.

In those cases in which electron scattering is
due to an irregular static potential due to impuri-
ties or inhomogeneities in the lattice, this potential,
which is usually taken as a small perturbation, can
be estimated roughly from the difference in the
ionization potentials of the host atoms and the im-
purity atoms. If, using this very rough estimate,
we take the perturbing potential in the lattice of a
nickel-copper alloy as the difference in the ioni-
zation potentials for copper and nickel, a value of
approximately 0.07 ev is obtained. The magnitude
of the perturbing potential due to an inhomogeneity
in the magnetic moment corresponds, in order-of-
magnitude terms, to the exchange integral, i.e.,
0.01 to 0.1 ev. Thus, in the first approximation
electron scattering on inhomogeneities in the mag-
netization of the nickel lattice and electron scatter-
ing by copper ions in copper-nickel alloys should
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lead to a change in the electrical resistance which
is of the same order of magnitude. On the other
hand, as the change in electrical resistance is the
same for identical increases in the concentration
of ferromagnons in the nickel lattice and copper
ions in the alloy lattice it may be concluded that
the exchange integral for the s and d electrons
is a quantity of the order of 0.01 to 0.1 ev.

The curve shown in Fig. 6 indicates that the
residual resistance of nickel-copper alloys in-
creases in proportion to the copper concentration
v for v <0.25 and Apy/v =17.7%107° where
Ap, is the difference in the values of p, for an
alloy sample with a copper concentration equal to
v and a nickel sample. Comparing these quanti-
ties with (p —pg)/n for nickel we see that both
are approximately the same order of magnitude.
From a comparison of Ap, /v and (p —po)/n
it is apparent that electron scattering on impuri-
ties in the copper is somewhat stronger than on
inhomogeneities in the magnetization.

The authors wish to take this opportunity to
thank A. I. Shal’ nikova for many discussions con-
cerning the procedure used in the experimental
parts of the present work.

IW. Meissner and B. Voigt, Ann. Physik 7, 892
(1930).

2H. Masumoto and J. Shirakawa, Sci. Rep. Tokyo
Univ. 25, 104 (1936).

3J. Smit, Physica 17, 612 (1951).

4 Kondorskii, Galkina and Chernikova, Proceed-
ings of the Conference on Physics of Magnetic Ef-
fects, Moscow 1946; Izv. Akad. Nauk SSSR, Ser.
Fiz. 21, 1123 (1957).

5A. 1. Sudovtsev and E. E. Semenenko, J. Exptl.
Theoret. Phys. (U.S.S.R.) 31, 525 (1956); Soviet
Phys. JETP 4, 592 (1957).

8S. V. Vonsovskii and E. A. Tirov, J. Exptl.
Theoret. Phys. (U.S.S.R.) 24, 420 (1953).

TE. A. Turov, Izv. Akad. Nauk SSSR, Ser. Fiz.
19, 474 (1955).

8 E. Mendoza and J. G. Thomas, Phil. Mag. 42,
291 (1951); 43, 900 (1952); A. N. Gerritsen and J.
O. Linde, Physica 17, 573 (1951); 18, 877 (1952);
A. N. Gerritsen, Physica 19, 61 (1953).

9W. B. Teutsch and W. E. Love, Phys. Rev. 105,
487 (1957); D. A. Spor and R. T. Webber, Phys. Rev.
105, 1427 (1957).

10M. Fallot, Ann. phys. 6, 305 (1936).

" g, 1. Kondorskii and L. N. Fedotov, Izv. Akad.
Nauk SSSR, Ser. Fiz. 16, 432 (1952).

12E. Englert, Ann. Physik 14, 589 (1932).

3R. Becker and W. Doéring, Ferromagnetismus,
Berlin, 1939, p. 174. H. Polley, Ann. Physik 36,
625 (1939).

4p, Weiss and R. Forrer, Ann. phys. 12, 279
(1929); A. R. Kaufmann, Phys. Rev. 55, 1142 (1939).

‘Translated by H. Lashinsky
225



