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The electrical resistivity of binary Fe-Si and ternary (Fe,_, M, );Si alloys, with 3d transition-metal ele-
ments M =Ti, V, Cr, Mn, Co, and Ni, has been measured over the temperature range from 4.2 to 1373
K. The resistivity for M =Ti, V, Cr, and Mn shows an anomalous temperature dependence: an oc-
currence of a resistance maximum near the Curie point T and a negative resistivity slope above Tc.
The tendency of the negative temperature dependence of the resistivity increases markedly with increas-
ing composition, accompanying a sharp reduction in T¢. In contrast, the resistivity curves for M =Co
and Ni exhibit almost the same form as that of Fe;Si, regardless of the Co or Ni composition, so that the
resistivity above T¢ remains almost constant or decreases slightly. The negative temperature depen-
dence induced by M substitution appears only when the resistivity estimated in the paramagnetic state is
above 150 u{) cm, and the higher paramagnetic resistivity causes the lower temperature coefficient of the
resistivity. It is concluded that the resistance maximum in (Fe;_, M, );Si is closely related to an extreme-
ly large spin-disorder scattering, in addition to a high residual resistivity.

I. INTRODUCTION

The intermetallic compound Fe;Si is a well-ordered
ferromagnet with a DO0; crystal structure. This structure
has two inequivalent sites for Fe atoms with specific
neighbor configurations, which are named an Fe; and an
Fey site. The former has eight Fe nearest neighbors,
while the latter has four Fe and four Si nearest neighbors.
A characteristic property of Fe;Si is that transition-metal
impurities substitute for the Fe; or the Fey; site selective-
ly, as proved in nuclear magnetic resonance studies' and
subsequently confirmed by neutron diffraction,?
Mossbauer spectroscopy,® and x-ray absorption studies.*

Niculescu, Burch, and Budnick® have extensively in-
vestigated the site preference of substituting 3d transition
atoms in Fe;Si. Thus in the (Fe,_, M, );Si system,> the
elements to the left of Fe in the periodic table, i.e.,
M =Ti, V, Cr, and Mn, show a strong preference for the
Fe, site, whereas those to the right, such as M =Co and
Ni, occupy the Fey; site. The occurrence of the selective
site substitution has also been supported by energy-band
calculations,”® which predict that the site preference is
correlated with the partial density of states for each Fe
site in Fe;Si and thus enhances the lattice cohesion for
the pseudobinary system.

The selective site substitution of 3d transition-metal
impurities has further been demonstrated for
(Fe,_, M, );Ga,'>!! where the DO, phase is always stabi-
lized, although Fe;Ga forms an L 1, phase in the equilib-
rium state, unlike Fe;Si and Fe;Al. Especially for
(Fe;_,V,);Ga and (Fe,_,Ti,);Ga, we have recently
found an anomalous temperature dependence of the elec-
trical resistivity,!"!? characterized by a resistance max-
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imum near the Curie point 7 and a negative resistivity
slope at the higher temperatures up to 1000 K and above.
This negative temperature dependence above T is the
most striking feature, which has been first observed in
ferromagnetic 3d alloys. It has been suggested that
(Fe;_,M,);Ga is a new type of conductor not to be
classified into several other types of metallic conductors
hitherto known to exhibit a negative temperature
coefficient of resistivity.!?

The anomalous resistance behavior described above is
expected to take place in a series of DO;-type Fe;D
(D =Ga, Si, Al, etc.) ferromagnetic alloys in which Fe
atoms are partly replaced by the other 3d transition
atoms. In the present study, we have employed Fe;Si as a
base material and systematically investigated the temper-
ature dependence of the electrical resistivity in the pseu-
dobinary alloys (Fe,_,M,);Si with M=Ti, V, Cr, Mn,
Co, and Ni. The purpose of this study is to clarify which
3d transition-metal impurities are liable for the oc-
currence of the negative temperature dependence of the
resistivity, and to examine the electrical resistance max-
imum near T in regard to the anomaly in the magnetic
scattering resistivity.

II. EXPERIMENT

A. Sample preparation

The Fe-Si binary alloys and the (Fe,_, M, );Si pseudo-
binary alloys were made from 99.99% pure Fe and Si,
and M =Ti, V, Cr, Mn, Co, and Ni of at least 99.9% pur-
ity. Appropriately composed mixtures of the constitu-
ents were melted in an argon arc furnace, followed by
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several remeltings to achieve homogeneity. The weight
loss during the melting procedure was less than 0.5%,
and the nominal composition assigned to each sample
was regarded as accurate. The ingots were heat-treated
at 1123 K for 144 ks in vacuum to form an ordered struc-
ture. Samples for the resistivity measurements were cut
from the ingots with an alumina-blade saw to the size of
1X1X20 mm®. Each sample, sealed in an evacuated
quartz capsule, was annealed at 773 K for 3.6 ks and
furnace-cooled to room temperature.

B. X-ray analysis

X-ray diffraction was measured with Cu K a radiation
on powder samples prepared as above. Figure 1 shows
the lattice parameters of the DO; phase in (Fe,;_, M, );Si
as a function of composition x for M =Ti, V, Cr, Mn,
Co, and Ni. A single phase of the DO, structure was
formed in the composition range shown by the solid lines,
whereas a small amount of additional phase was also
detected in the range shown by the dotted lines, where
the (111) and (200) superlattice reflections were reduced
in intensity. These results are consistent with those pre-
viously reported by Niculescu and Budnick.!3

In the case of M =Co, the lattice parameter decreases
with composition x, maintaining the single-phase state up
to x =0.6. This means that the lattice contraction oc-
curred presumably because of enhanced cohesion by the
DO;-type ordering. On the contrary, the lattice dilatation
for M =Ti, V, Cr, Mn, and Ni is much smaller than that
estimated from each Fe-M primary (bcc) solid solutions. '
Hence, the substitution of all the 3d metals is considered
to contract the lattice spacings as a result of the stabiliza-
tion of the D05 phase.
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FIG. 1. Lattice parameters of the DO, phase in (Fe;_, M, );Si
as a function of composition x for M =Ti, V, Cr, Mn, Co, and
Ni. The DO; single-phase state is obtained in the range
represented by the solid lines.
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C. Measurements

The electrical resistivity was measured by a standard
dc four-terminal method with a current of 100 mA over
the temperature range from 4.2 to 1373 K and with a ris-
ing rate of 0.03 K/s. The measurements at high tempera-
tures were carried out in vacuum of 3X10~* Pa. The
Curie temperature 7. was determined by means of
differential thermal analysis.

III. EXPERIMENTAL RESULTS

A. Fe-Si binary system

The electrical resistivity was measured as a function of
temperature for pure Fe and Fe-Si alloys containing 7-40
at. % Si as shown in Fig. 2: each curve is shifted along
the ordinate. In these alloys, an inflection of the curves
was found around the Curie temperatures 7 indicated
by the arrows. The resistivity of Fe-7 at. % Si exhibits a
sharp variation below T~ and a linear dependence with a
positive slope of 0.02 u) cm/K above T,. When the DO,
phase is formed, however, the resistivity above T
remains almost constant for Fe-15 and -20 at. % Si but
gradually decreases with rising temperature for Fe-25 and
-30 at. % Si. The decrease in the resistivity is associated
with the formation of the DO0s;-type Fe;Si since the curve
of Fe-40 at. % Si shows a normal temperature depen-
dence. A similar type of resistance anomaly has also been
reported for Fe-Pd alloys,'>!® which has been explained
by the formation of L 1,-type long-range order for FePd,
below the order-disorder transition temperature.

ISO uf2 cm Fe -(40)%.Si

Electrical Resistivity

1 1 |
0 400 800 1200

Temperature (K)
FIG. 2. Temperature dependence of electrical resistivity in
pure Fe and Fe-Si alloys with 7-40 at. % Si: each curve is shift-

ed along the ordinate. The arrows indicate the Curie tempera-
tures T¢.
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In Fig. 3, the residual resistivity p, of Fe-Si alloys is
plotted against the Si content. The present data (@) are
obtained by extrapolation to O K in Fig. 2, and the other
results have been taken from Schwerer et al.!” (X) and
Muir et al.'® (+). The residual resistivity increases with
the Si content at first but, above 15 at. % Si, decreases,
unlike ordinary solid solutions. Consequently, the value
of p, falls rapidly towards the stoichiometric Fe;Si with
the minimum p, of 2.3 uQcm, which is comparable to
that of pure Fe. This demonstrates that Fe;Si used in the
present study is in an almost perfectly ordered state.
With a further addition of Si greater than 25 at. %, how-
ever, the residual resistivity again increases because of a
two-phase (& and DO0j;) state.

B. (Fe;_, M, );Si pseudobinary system

Figure 4 shows the temperature dependence of the
electrical resistivity in (FeygM, ,);Si with M=V, Cr,
Mn, Co, and Ni.!® The resistivity curve of Fe,Si is also
represented by the dotted line. The arrows indicate the
Curie temperatures T.. The electrical resistivity for
M =V increases rapidly at low temperatures, reaches a
maximum near T and, above T, decreases dramatically
with rising temperature. Such an abnormal negative tem-
perature dependence has also been found for M =Cr and
Mn,? and for M =Ti with x <0.2, whereas the resistivity
for M=Co and Ni exhibits a temperature dependence
similar to that of Fe;Si. Therefore, the substitution of 3d
elements to the left of Fe in the periodic table seems to be
liable for the occurrence of the negative temperature
dependence of the resistivity. This fact might imply the
correlation between the resistance maximum and the Fe;
site selection of these substituting atoms. In other words,
the elements with less than half-filled 3d states are more
effective for the anomaly than those with more than half-
filled ones. Since the substitution of M =Ti, V, Cr, and
Mn always causes a sharp reduction in T and in magne-
tization, the anomalous resistance behavior may be attri-
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FIG. 3. Residual resistivity po as a function of Si content in
Fe-Si alloys (@). Also plotted are the data taken from Ref. 17
(X)and Ref. 18 (+).
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FIG. 4. Temperature dependence of electrical resistivity in
(Feg gM, 5 )3Si with M=V, Cr, Mn, Co, and Ni. The curve of

Fe;Si is also shown by the dotted line. The arrows indicate the
Curie temperatures 7.

buted to a weakening of ferromagnetism of Fe;Si com-
pelled by the substituents.

The most spectacular feature of the anomalous resis-
tance behavior has been found for (Fe;_,V, );Si as shown
in Fig. 5, as well as for (Fe,_, V,);Ga.'? It is evident that
the tendency of the negative temperature dependence of
the resistivity increases markedly with the V composi-
tion, in parallel with a reduction in 7. Thus, the resis-
tance maximum for x =0.2 occurs at a relatively low
temperature of around 450 K. Because atomic diffusion
in this temperature range is too slow for any significant
structural change, the negative temperature dependence
cannot be explained in terms of an order-disorder transi-
tion.

On the other hand, the temperature dependence of the
electrical resistivity in (Fe,_,Co, );Si is shown in Fig. 6.
It should be remembered that the single-phase state of
the DO, structure is maintained up to x =0.6 for M =Co,
as seen in Fig. 1. In contrast with the case for
(Fe;_, V,)3Si, however, the resistivity curves in Fig. 6
have almost the same form as that of Fe;Si, without re-
gard to the Co composition. It seems that the resistance
maximum near T, as in Fig. 5, could hardly be found for
M =Co and Ni.

In Fig. 7, the residual resistivity p, of (Fe;_,V,);Si
and (Fe, _, Co, );Si is plotted against composition x. The
dependence of p, on the V or Co composition is not sim-
ply linear but parabolic, similar to that of Fe-Si alloys as
shown in Fig. 3. The compositions at which p, reaches a
minimum in the respective alloys are estimated to be
x=0.3 for M=V and x =0.6 for M =Co, both of which
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FIG. 5. Temperature dependence of electrical resistivity in
(Fe,—~,V,)38i with 0=<x <0.2. The arrows indicate the Curie
temperatures T¢.

are close to the constitutions of Heusler-type alloys,?!
Fe,VSi and FeCo,Si, respectively. These ordered struc-
tures can be formed in [Fe;][Fey],Si when V atoms selec-
tively occupy the Fe; site alone or when Co atoms the
Fey; site alone. Accordingly, the rapid decrease in the re-
sidual resistivity of these alloys is associated with the for-
mation of the Heusler-type (L2,) structure, providing
further information on the site preference of the substi-
tuting M atoms at high compositions. Another feature to
be noted in Fig. 7 is that the value of p, for M=V in-
creases first at an extremely large rate of 15 uQ cm per
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FIG. 6. Temperature dependence of electrical resistivity in
(Fe;_,Co, );Si with 0<x <0.6. The arrows indicate the Curie
temperatures T¢.

Composition x

FIG. 7. Residual resistivity py as a function of composition x
in (Fe;_,V,);Si (O) and (Fe,;_,Co, );Si (V). The arrows indi-
cate the compositions to form a Heusler-type structure, Fe,VSi
or FeCo,Si, respectively.

at. % V and is generally higher, i.e., 60—120 uQ cm, than
that for M =Co.

IV. DISCUSSION

A. Relation between paramagnetic resistivity and negative
resistivity slope

The anomalous temperature dependence of the electri-
cal resistivity observed in (Fe;_ M, );Si can be represent-
ed schematically by the upper curve (a) in Fig. 8, as com-
pared with that of an ordinary ferromagnet shown by the
lower curve (b). The existence of such a negative resis-
tivity slope shows a breakdown of Matthiessen’s rule. In
order to consider the anomalous resistance behavior, we
suppose the resistivity curve in the paramagnetic state,
Ppm(T), below the Curie temperature T, as shown by
the dotted lines. The p,,,(T) curve is obtained by extra-
polating the linear part of the resistivity curve observed
above T¢. It is now possible to compare the p,,,(T') term
with the temperature slope of the linear part above T.
Further, the maximum value of the magnetic scattering
resistivity, py,, can also be evaluated as the difference be-
tween p,,,,(0) and p, as will be discussed later.

Figure 9 shows the paramagnetic resistivity p,,, (T'), es-
timated at 7=0, 500, and 1000 K, plotted against the
temperature coefficient of the resistivity,
dp/dT (T >T¢), for M=V, Cr, Mn, Co, and Ni. The
value of p,, (T) at the respective temperature increases
with an increase in the absolute value of dp/dT. It
should be remarked that the variation of p,,, (T') depends
hardly on the substituting M atoms but on the slope
dp/dT alone. Thus, the p,,, (T') term can be uniquely ex-
pressed as a linear function of dp /dT at any temperature.
A similar kind of a negative temperature dependence has
been found not only in various disordered alloys contain-
ing transition metals, as discussed in our paper,'? but also
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FIG. 8. Schematic illustration of the temperature depen-
dence of electrical resistivity for (Fe,_,M, );Si [curve (a)] and
an ordinary ferromagnet [curve (b)]. T represents each Curie
temperature. The resistivity curves in the paramagnetic state,
ppm(T), are shown by the dotted lines. The difference between
Ppm(0) and p, corresponds to the maximum magnetic resistivity

Pom-

in intermetallic compounds such as Al;Ti alloyed with
Mn.?? Mooij?® has suggested that a high electrical resis-
tance in metallic conductors generally tends to reduce a
temperature coefficient of resistivity, finally making it
negative above a critical value of resistivity. This might
occur regardless of details of the electronic structure of
conductors, as noted by Isino and Muto.?* In Fig. 9, all
curves seem to converge towards p,,(7") around 150

E 400l & (Fe1xMy)sSi
(fj:,' 0K 50.15
Q,
£
& 300 5oo\Ko\<‘g°-1
A
g 1O%O\KO\OA &%
% \O\O\Croz
] - A ~
8 200 M}o\%&
o Cooz2 g&
g Nio2
1]
c
g 100
D‘f? -
O 1 1
-0.15 -0.10 -0.05 0]

dp/dT (ukecm/K)

FIG. 9. Paramagnetic resistivity p,,,, at T=0, 500, and 1000
K, as a function of the temperature coefficient of resistivity,
dp/dT, in (Fe,_, M, );Si with M =V, Cr, Mn, Co, and Ni.
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puQcem at dp/dT =0, and above this critical value of
Ppm(T), its temperature coefficient is always negative for
all the alloys, in accordance with Mooij’s criterion. In
the case of (Fe;_,M, );Si, magnetism also plays an im-
portant role: the negative temperature dependence ap-
pears only above T, and loss of magnetic scattering is
the main cause for the resistivity change below 7.

B. Anomaly in magnetic scattering resistivity

The maximum value of the magnetic scattering resis-
tivity, py,, is considered to be proportional to the weight-
ed sum of S(S+1), i.e., the quantum-mechanical square
of 2tshe atomic spin S, as discussed by Weiss and Marot-
ta:

pm=a X pS(S;+1), (n

where a subscript i denotes the Van Vleck configuration?®
corresponding to each atomic spin S; of 3d elements, and
p; is its populational probability. It is known that « is al-
most constant, i.e., =31.2+1 for most 3d metals and al-
loys,? although it comprises various factors such as the
s-d interaction energy coefficient G, the conduction elec-
tron number per atom, n, and the atomic density N, i.e.,

a=3m*N)"3*mG )2 /4mwen# , ()

where m and 7 are the electron mass and Planck’s con-
stant over 21, respectively, and G is 15.5+3.5 eV A3 for
most 3d metals and alloys.?> Proper calculation of
S; (S;+1) requires the use of half-integer S; after the
Van Vleck model.?® However, we introduce an approxi-
mation to use y; /g (g =2), instead of S;, where u; is the
saturation moment of atom j at 0 K and g denotes the
Landé g factor. Thus, Eq. (1) can be modified to

A
g g

, (3)

pm=a > p;
J

where p; is taken as a composition of atom j. It has been
confirmed in our previous paper'? that the linear depen-
dence of p;, on 3p;S;(S;+1) in Eq. (1) is well repro-
duced for ordinary 3d metals and alloys in terms of Eq.
(3) with a=32, despite the approximation of u; /g.

Figure 10 represents the relation between p}, and
>pj(p;/gNpu;/g+1) for Fe-Si binary alloys, and
(Fe;_,V,);Si and (Fe,_,Co, );Si alloys. Here, the mo-
ments p; were evaluated from the saturation magnetiza-
tion data of Niculescu et al.!*2"2% on the simplest as-
sumption that for (Fe,;_,V,);Si, Fe atoms alone have a
magnetic moment to compose the bulk saturation magne-
tization, and for (Fe,_,Co, );Si, both Fe and Co atoms
have an equal magnetic moment. The results on pure Fe
and Fe-7 at. % Si naturally follow the relation for a =32
represented by the dash-dotted line, which can fit most
data on ordinary 3d metals and alloys. On the formation
of the DO; phase above 15 at. % Si, however, the value of
P, turns to increase remarkably, as shown by the dotted
line, deviating from the linear relation for «=32. Thus,
Fe;Si (x =0) has a very large p}, of about 170 u{Q cm,
despite an extremely small p,.



13 612
400
O (Fey_xVx)sSi
F 02
= Q V (Fe,.xCoyx)3Si
o 300F
3
~ a=160
*E
- 015
Q Q v 06
> \ V/O.S
'S 200+ V04
& 0.1 o\"g_o.,vo_:;
g 005 7 \
o / \
Q \\
° 200
c 100 / ® =32
g K \\ Fe./
= / 150 -
L L— == )
— Fe-7Si
- /
n 1 1 1
0 1 3

1
2
;pj%(%—’q)

FIG. 10. The maximum value of magnetic resistivity, py,
versus > p;(u;/S)Nu;/S+1) for Fe-Si (@), (Fe;_,V,);8i (0),
and (Fe,_,Co,);Si (V). The relation for a=32 (—-—) fits
most data on ordinary 3d ferromagnets in terms of Eq. (3), but
the relation for =160 (—--—) is required to fit the data on
Fe,Si and (Fe,_, Co, );Si.

Meanwhile, the value of p}, for (Fe,_,Co, );Si further
increases with the Co composition, in parallel with a visi-
ble increase in the Fe and Co moments. Consequently,
these results show a surprisingly linear variation with the
slope of a=160, as shown in Fig. 10, which is five times
as large as that of ordinary 3d alloys. These results, in-
cluding that on Fe;Si, are to be classified as the first case
where the resistivity gradually decreases above T but its
temperature coefficient hardly changes with the Co com-
position. On the other hand, the value of p}, for
(Fe;_,V,);Si first remains almost constant but, above
x =0.1, increases dramatically despite a decrease in the
Fe moments, deviating from the linear relation for
a=160. In this second case, the negative temperature
dependence tends to increase markedly with the V com-
position, as observed in Fig. 5: however, this extreme de-
viation might be ascribed to the intrinsic limitation in the
original approximation, u; /g =S;, itself.

On the assumption of Eq. (3), there are two possible in-
terpretations for the large a or the above discrepancy in
o “large G” and “small n” in reference to Eq. (2) since
the atomic density N of (Fe,_, M, ),Si is close to that of
Fe and other 3d metals. In the first case, as in Fe;Si and
(Fe,_,Co, );Si, the residual resistivity is relatively low, so
that the number of n cannot be small as compared with
that of Fe and other 3d metals. This means that the
linear relation for a =160 may be attributed to “large G”
alone. The magnitude of G is then estimated to be more
than double that of ordinary 3d ferromagnets because G
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depends on the square root of a. In contrast, the second
case as in (Fe;_,V,);Si can be characterized by an ex-
tremely large p;,, five to twenty times as large as those of
ordinary 3d ferromagnets, and yet a very large p,. This
strongly suggests an exceptionally “small n,” in addition
to “large G.” A simple explanation for the negative tem-
perature dependence may be possible if it is assumed that
conduction electrons increase with rising temperature.
For a better understanding of the conduction phenomena
in these alloys, magnetoresistance measurements are in
progress, which will give more detailed information on
the spin disorder scattering. Also, it is desirable to inves-
tigate the conduction electron number n by Hall-effect
measurements and/or other Fermiological methods, and
the true atomic moments by neutron diffraction.

V. CONCLUSIONS

In the (Fe,_,M, );Si system, with M =Ti, V, Cr, Mn,
Co, and Ni, the DO; phase can always be stabilized much
more than in Fe;Si. The dependence of the residual resis-
tivity on the V or Co composition demonstrates that each
resistivity reaches a minimum at the composition of a
Heusler-type alloy, Fe,VSi or FeCo,Si, respectively. This
suggests the selective site substitution at high composi-
tions: V atoms preferentially enter the Fe, site in the DO,
lattice up to x =0.3, while Co atoms occupy the Fey; site
up to x =0.6.

The electrical resistivity for M =Ti, V, Cr, and Mn de-
creases with rising temperature above the Curie point,
which implies an occurrence of a negative temperature
coefficient unlike the cases for ordinary 3d metal fer-
romagnets. However, the resistivity curves for M =Co
and Ni exhibit a similar form to that of Fe;Si, without re-
gard to the Co or Ni composition. Namely, the 3d ele-
ments to the left of Fe in the periodic table are more
effective for the anomaly. This suggests the close correla-
tion between the resistance maximum and the Fe; site
selection of the substituents.

The negative temperature dependence induced by M
substitution appears only above the critical resistivity of
150 uQ cm in the paramagnetic state, in accordance with
Mooij’s criterion, and the higher paramagnetic resistivity
causes the lower, i.e., the more negative temperature
coefficient. In contrast to other disordered transition-
metal alloys with a negative resistivity slope,
(Fe,_,M, );Si has an extremely large magnetic scattering
resistivity, in addition to the anomaly in the residual
resistivity.
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