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In this paper we present a comprehensive investigation of electrical resistivities [p(T)] of the y-phase
pseudobinary Fe alloy series Fe, Nig,_,Cr,, in the temperature range 0.4-300 K. These alloys exhibit
exotic magnetic behavior at and near the critical composition for ferromagnetism x,~59-63. Special
attention has been given to the critical region (x ~x,) where we find sharp changes in p, (zero tempera-
ture resistivity) as well as in the temperature dependence of p(T). These observations have been ex-
plained as arising due to the absence of long-range magnetic order and a change in effective carrier con-
centration at x =~x,. For all x( <66) these alloys exhibit a resistivity minimum at T="Tp,. Tpn con-
tinuously decreases from approximately 35 K for x =12 to approximately 6 K for x =59. p(T) for
T < T, shows a rise (p~—VT) that does not depend on the magnetic state of the alloy. For
Toin<T <80 K, p(T) away from x, follows a predominantly T? dependence arising from
electron—spin-wave scattering which shows a drastic reduction for x =x.. We also compare our data

with an a-phase Fe,;Cr;s alloy.

I. INTRODUCTION

In alloys containing high concentrations of magnetic
metals (such as 3d metals), the interpretation of electron-
ic transport properties has always been difficult and con-
troversial. A detailed quantitative understanding of these
properties has not yet been achieved, although much
qualitative knowledge has been obtained through trans-
port studies. Most of these alloys have high electrical
resistivities. Rapid expansion of this subject has led to
intensive and extensive investigations on amorphous met-
als such as metallic glasses.1 However, not much atten-
tion has been paid lately to highly resistive crystalline al-
loys. It is our purpose here to show that transport prop-
erties of these alloys are interesting in their own right,
and that they pose considerable challenges in understand-
ing them. Many of these alloys can also have exotic mag-
netic phases, and one encounters an interplay of electron-
ic and magnetic properties. It is known that the addition
of transition metals and lattice disorder increases the p of
an alloy. The point we would like to stress is that even in
substitutionally disordered transition-metal polycrystal-
line alloys, one can obtain a p which is similar to or even
higher than the p seen in nontransition-metal amorphous
alloys. The transition-metal-based amorphous alloys
have a p much higher than the rest. In this investigation
we studied the electrical transport properties of highly
resistive polycrystalline alloys with special reference to
v-phase Fe-Ni-Cr alloys. The y-phase Fe-Ni-Cr alloys
in the Fe-rich end form stainless-steel alloys which are
weakly antiferromagnetic or nonmagnetic. In the Ni-rich
end they show ferromagnetism.

The choice of this particular y-phase Fe-Ni-Cr alloy
series has been made on the following considerations.

(a) The magnetic phase diagram of this alloy series is
rather exotic and has been studied extensively in the re-
cent years.”3 The magnetic phase diagram is shown in
Fig. 1.
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(b) Although there exist studies of electrical transport
properties of some alloys belonging to this series,*> there
are no careful studies of alloys with a composition range
around the critical composition for ferromagnetism.

(c) In previous studies of crystalline alloys of this type,
the low-temperature range was only down to 4.2 K.*° In
this work we report data to a much lower temperature
(T =20.4 K), which allows us to study the origin of resis-
tivity minima observed in these alloys. A preliminary re-
port about resistivity minima in these alloys has been
published before.®

(d) By combining our studies with previous work,* we
can present a complete study of electrical resistivities p
for the pseudobinary alloys (Fe, Nig,_,)Cr,, for
7=<x =66, and can study the evolution of p as we go from
Ni-rich end to the Fe-rich end.

The values of transition temperatures T,, Tg;, and
Ty, and saturation magnetization 47M,, for these alloys
are given in Table I. From the phase diagram of the
pseudobinary series (Fig. 1), one finds that in this alloy
system by varying x one can go from long-range ordered
ferromagnetic (FM) to antiferromagnetic (AFM) via a
critical region for 59 <x <63, where one finds a collapse
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FIG. 1. Magnetic-phase diagram of the pseudobinary (y-Fe)
series Fe, Nig,_ , Cr,o data obtained from Refs. 2 and 3.
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TABLE I. Values of transition temperatures T,, Tsg, and
Ty, and saturation magnetization 47M,, in Fe, Nig,_,Cry
(50 < x < 66) alloys (Ref. 2).

Fe% T. (K) Tsg (K) Ty (K) 4TM; kG)
50 114 3.8

54 56 7 1.92
55 47.5 11.5 0.69
59 10

60 11

63 13

66 26

of FM order and the onset of AFM order. There are two
distinct regions of disordered magnetism in this alloy
series. For x <12 one is in the paramagnetic (PM) phase.
With increasing x, one sees the onset of ferromagnetism,
but a reenterant spin glass (RSG) phase exists for
12<x <353 Only for x >35 does one see stable fer-
romagnetism. However, for x > 50 the ferromagnetism
starts collapsing. It passes through a critical region
(showing RSG and SG phases), and then with further in-
crease of Fe enters an AFM phase. These are y-phase fcc
alloys with Fe providing the antiferromagnetic interac-
tion®? (note that in this material pair exchange integrals
for Fe-Fe and Cr-Cr are antiferromagnetic, whereas other
exchange integrals are all ferromagnetic). We also would
like to point out that Fe,Nig,_,Cr, is one of few such
series where the crystallographic structure remains un-
changed while the series undergo a gradual change from
one long-range ordered phase (FM) to the other long-
range ordered phase (AFM). A similar situation also
occurs in the Fe-Ni-Mn system.” In contrast, in the
binary series Fe Nio_, one has the y phase for x <65,
and goes to the a phase for higher iron concentrations.®
Addition of Cr stabilizes the y phase to a higher relative
iron concentration and (as shown below) gives these al-
loys a high value of p. In Fe, Nig,_, Cr,, the a phase ap-
pears for x = 66. It should also be pointed out that one
sees invar (or elinvar) behavior in this composition
range.’

In this paper we seek answers to the following ques-
tions.

(a) What causes high resistivity in these alloys?

(b) What happens to the electrical transport properties
at low temperatures in crystalline alloys with concentrat-
ed magnetic constituents when we are not in the Kondo
regime? (For most Kondo systems the transition-metal
composition is much less compared to the percolation
threshold.)

(c) What is the role of magnetic order (if any) in elec-
tronic transport in alloys which lie close to the critical
composition for ferromagnetism, in particular when ones
passes through a disordered magnetic phase (like a spin-
glass phase)?

(d) What happens to the electron-magnon scattering
near the critical region where the spin wave becomes
overdamped?

(e) What are the differences in low-temperature elec-
tronic transport in y-phase and a-phase iron alloys? (The
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a-phase alloy Fe,;sCr5 studied by us in this paper also sits
very close to the critical composition for ferromagnetism,
like alloys of Fe-Ni-Cr series.)

(f) Can the concepts of quantum interference be applied
to explain low-temperature resistivities of these alloys
below the temperature of resistivity minima which we ob-
serve in these alloys?

The remaining part of the paper has three sections. In
Sec. II we briefly describe the experimental details. In
Sec. IIT we present data and a general discussion. In Sec.
IV we discuss the compositional dependence of various
parameters obtained from the analysis of the data, and
then summarize the answers to the above questions.

II. EXPERIMENTAL TECHNIQUES

The series Fe, Nig, ,Cr,, with x =50, 54, 55, 59, 60,
63, and 66, were prepared in ingot form in an arc furnace.
These alloys were further annealed for homogeneity at
1050°C for 100 h in an Ar atmosphere, and then
quenched to room temperature to retain the y phase. An
a-phase Fe,;Crys alloy was prepared and heat treated in a
similar fashion. All these alloys were characterized by en-
ergy dispersive x-ray analysis (EDAX) and chemical
analysis to determine the composition. X-ray analysis ex-
hibited Fe-Ni-Cr alloys to be in the fcc ¥ phase, whereas
Fe-Cr are in the a phase. For resistivity measurement,
thin strips were obtained by cold rolling, and were fur-
ther annealed at 1100°C in an-argon atmosphere and
quenched in water. (Some of the alloys used here were
obtained from Professor A. K. Majumdar, and were used
by him in magnetic studies reported in Ref. 2.) Samples
used for transport measurement were 0.1-0.2 mm thick,
1-1.5 mm in width, and 2 cm in length. Electrical resis-
tivity p(7) was measured in the temperature range
0.4-300 K using a combination of He> cryostat and a
bath-type cryostat. The resistance was measured using a
high precision four-probe ac bridge (20 Hz) with a
PC/AT-based automatic data-acquisition program.’ The
schematic circuit diagram of the four-probe ac (20 Hz)
bridge is shown in Fig. 2. The basic principle of the
bridge is to make the same current pass through the sam-
ple (R;) and a standard resistance (Rgy). For metallic
samples R is approximately few tens of m{). The voltage
developed across it is amplified (typically 100 times) by
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FIG. 2. The circuit used for low noise resistivity measure-
ment at 20 Hz. See text for details.
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the low-noise transformer, and balanced against a frac-
tion of the voltage developed across the standard using a
Kelvin-Varley voltage divider. Generally at the begin-
ning of the run the lock-in amplifier is nulled by adjusting
the Kelvin-Varley voltage divider, which selects the frac-
tion of the voltage developed across the standard for
balancing. During the run the off-balance voltage AV is
measured as a function of temperature using the comput-
er. The voltage at the input of the lock-in is

V,—Vy=IR f —IRG , (1)

where R, is the standard resistance, f is the fraction of
the voltage obtained from Kelvin-Varley, and G is the
gain from the transformer (1:100 low-noise shielded).
The current is simultaneously monitored by measuring
voltage across the resistance R_,,. We used a typical
measuring current of 1 mA (rms) to avoid any heating
effect. The typical resistance values were around 50 mQ).
The precision of the measurement is around +20 ppm.
Electrical contacts to samples were made by silver paste
or by spring-loaded gold-coated pins. Samples were fixed
to the cold finger of the cryostat using Apiezon N grease.
The absolute resistance measurement has an error of
~2% due to finite contact size and the error in measur-
ing the dimensions of the sample.

III. EXPERIMENTAL DATA

The temperature dependence of resistivities p(T) in the
temperature range 0.4-300 K for Fe, Nig_,Cr,
(66 = x >50) are shown in Fig. 3. Values of p(T) below
20 K are shown in Fig. 4, with T in a logarithmic scale to
enhance the low-temperature behavior. We show values
of p(T) for the a-Fe alloy Fe,sCr;s in Fig. 5. For the
Fe,sCry5 alloy the data for T <20 K are shown in Fig. 5
as an inset. The contrast in the behavior of the two alloys
can be seen. All Fe-Ni-Cr alloys exhibit resistivity mini-
ma at low temperatures. For the alloys studied by us
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FIG. 3. Resistivities
Fe, Nigy_, Cr, series.
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FIG. 4. p(T) for T <20 K, shown in an expanded scale to
show the occurrence of resistivity minima. The lines are fit to
Egs. (4) and (7). Note that the temperature is shown in a log
scale.

Thin=6-11 K. It is interesting to note that Fe,sCrys
shows no resistivity minimum down to 0.4 K. T, if it
occurs at all for this alloy, will be much less than 0.4 K.
The temperature-dependent term in  Fe,sCrys
(Ap=p390 Kk —Po; Po is the residual resistivity) is about 53
1 cm. This is of the same order as py, and Ap in this al-
loy is much larger than the highest value of Ap=30 uQ
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FIG. 5. p(T) for Fe,sCr;s alloy. The inset shows the data for

T <20 K. Note the absence of resistivity minima.
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TABLE II. Values of py, posks Pmins Pi00 x> DP(=P300 K Pumin)> and Ty, in Fe,Nigy_, Cryo
(50=x <66) alloys.

Fe% Po Po.4 K Pmin P300 K Ap Toin

(1 Q cm) (€ cm) (uQ cm) (uQcm (uQ cm (K)

50 90.15 90.15 90.00 109.85 19.85 8
54 92.24 92.22 92.05 118.03 25.98 7.9
55 88.10 88.05 87.87 112.85 24.98 9.2
59 77.28 77.25 77.13 105.51 28.38 6.5
60 72.62 72.58 72.44 98.29 25.85 10.3
63 64.32 64.29 64.20 94.26 30.06 10.5
66 76.06 76.04 75.91 90.94 15.03 7
Fe,sCrs 52.89 104.37 51.48

cm observed in the Fe-Ni-Cr series. We will discuss the
Fe,;Cr5 alloy below.

In Table II, for all the Fe-Ni-Cr alloys studied by us,
we show the values of resistivities at 0.4 K (pg 4 ), at
T=Tin(Pmin) at room temperature (p;q, g ), and change
in resistivities Ap (Ap=p3p0 Kk —Pmin)- We also show the
extrapolated zero-temperature resistivity p,. The pro-
cedure for obtaining p, will be discussed below. The
difference between p, and p,,. is less than 0.2%. The
values of T, p3oo ks Po and Ap as functions of Fe con-
centration are shown in Fig. 6 along with data from Ref.
4. A detailed analysis of Fig. 6 will be done in Sec. IV.
One can see that the electronic transport in this alloy
series shows a rather interesting behavior when x is
changed. The most spectacular behavior occurs as one
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FIG. 6. Po> P300 K> Ap (=p300 K_Pmin), and Tmin as functions
of x. The data for x <37 have been obtained from Ref. 4. The
dash-dotted line gives the expected variation of p, in the ab-
sence of the anomaly at the critical region x =59-63 (See text).

approaches the critical region for x ~60-63.

In the rest of this section we explore the quantitative
details of the data. First we present and discuss the tem-
perature dependence of resistivity p(T) for T2 T, ;. in-
cluding the region close to T,;, for the Fe-Ni-Cr alloys.
Next we discuss our data for T <<T,;,. After that we
compare our data for the Fe-Ni-Cr system with the Fe-Cr
system.

A. Region above and close to resistivity minima (7> T ;)

The p(T)’s for a wide variety of metallic alloys (espe-
cially the highly resistive ones) generally vary as T? at
low temperatures (T = 80 K) and show almost linear tem-
perature dependence at high temperatures (7 = 100 K).
For many crystalline alloys or compounds with high
resistivities (p = 100 u€) cm) the p(T)’s show a trend to-
ward saturation beyond the linear region. (Examples are
A-15 compounds such as Nb;Sn and V,Ge.!*!")

For our system for T > 100 K, p(T) approximately fol-
lows a linear relation as

p(T)=p,+ AT . 2)

This linear behavior, as in other metallic alloys, arises
from electron-phonon interaction. In Table III we show
p. and A4, for all alloys. In Fig. 7 we show the dp/dT
for three Fe-Ni-Cr alloys studied by us as representative
examples. Three important observations can be made
from this. First, above 150 K dp/dT is nearly constant
(within 10%). But alloys with x close to x, show a gradu-
al decrease. Though in these alloys p can be as high as
120 pQ cm, we do not see any sign of resistivity satura-
tion (dp/dT —0) at 300 K. However, if p(T) continues
to rise quickly, an approach to resistivity saturation for
T>400 K and p(T)> 150 puf)cm cannot be ruled out.
Second, there is a distinct change in slope below 100 K
with dp/dT varying almost linearly with T below 50 K.
Third, dp/dT does not show any feature at magnetic
transitions, and we do not see any critical behavior at T,
indp/dT.

In the temperature range T, <7 <80 K, the varia-
tion of p(T) needs special attention. In conventional
Bloch-Griineisen theory (for electron-phonon interaction)
it is expected that p(T) will approach the residual resis-
tivity with a 7° dependence. A T dependence is expect-
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TABLE III. The fit parameters p., 4, 4,, 43,and a,,.

Fe% pe A4,(102 4,(107* A45(107° a, (107!
(uQ cm) 1Qcm/K) pQcm/K?) £Qcm/K3) (uQcm)/VK
2 97.8 0.85
7 101.5 1.85
12 102.5 1.65 1.42 16.91
22 104.3 2.00 1.74 13.96
32 100.8 2.60 2.66 9.72
37 96.0 3.25 3.06 8.59
50 87.9 7.50 7.20 0.255 6.18
54 89.1 9.80 8.83 0.137 8.27
55 84.4 9.59 7.14 0.186 9.56
59 73.4 11.03 7.58 2.574 6.49
60 68.8 10.03 4.11 4.756 7.10
63 60.4 11.74 3.04 7.936 5.57
66 74.2 5.70 5.86 0.126 5.67

ed for electron-phonon interaction in the presence of s-d
scattering. For alloys of this type a T° dependence is
more likely. This temperature dependence (T or T?) is
caused by the electron-phonon interaction, which mani-
fests at higher temperature as a linear temperature depen-
dence. In addition, we can have a T? contribution to
p(T) originating from either electron-electron or
electron-magnon scattering. Our attempt will be made to
see if we can detect the presence of these terms in p(T).
The problem is further compounded by the fact that we
have a resistivity minima, and there is a small but distinct
rise of p(T) for T < T, It is important to take into ac-
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FIG. 7. Temperature dependence of resistivity derivative
(dp/dT) for three representative alloys (x =50, 60, and 63).

count the fact that whatever causes the rise in p(T) below
T in Will also be present for T2 T, at least for some
temperature range. However, the contribution of this
term to p(T) becomes progressively negligible as T is
raised well above T ;.. To make our work managable,
here we have to use the result of Sec. III B in advance.
We will show in there that the rise in p(T) well below
T in follows the relation

p(T)=p,—a,VT , T<<T 3)

where p,, is the resistivity at 7=0 K. In our model, the
resistivity minima occur due to two competing contribu-
tions. The contribution given by Eq. (3) causes p(T) to go
down as T is increased. In addition, we have Ap*(T),
which makes a normal contribution to p(T) which rises
with increasing 7. Thus at T=T,;, both these contribu-
tions match. Therefore, for T~ T, we can write

p(T)=po—a,V'T +Ap*(T) .

min ?

4)

It is the form of Ap*(T) that now needs attention. Ifit is
due only to electron-phonon interaction with s-d scatter-
ing, we have

Ap*(T)=A,T? . (5)

If it is due to electron-electron or electron-magnon
scattering,

Ap‘(T)zAZT2 . (6)
In the presence of both, Ap*(T) may take the form
Ap*(T)= A,T*+ A,T° . 7

We fitted our data through nonlinear least-squares fit to
Eq. (4) with Ap*(T) given by Eq. (7). In Fig. 8 we show
some typical fits up to 50 K. [Typical fit error
(Pobs —Psit) /P~ +0.03% As a result it is difficult to dis-
tinguish between data and fit in the figure.] The fit pa-
rameters are given in Table III. In the same table we col-
lected the parameters obtained from data of Ref. 4 and
analyzed through Egs. (4) and (7). Parameters 4, 4,,
A;, and a,, which determine the temperature depen-
dences, are plotted in Fig. 9. The first thing we note is
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that the parameters obtained from data of Ref. 4 smooth-
ly merge with those obtained from our data. The contri-
butions from all the terms in Eq. (4) are plotted in Fig. 10
for two samples x =54 and 63. It can be seen that while
the sample with x =54 has a negligible T term, there is a
considerable contribution from the T° term (dominating
above 40 K) in the alloy with x =63. In Fig. 4 we show
the fit and data in a log scale up to 20 K, to blow up the
region near T.; as well as the low-temperature region.
It can be seen that by including the region of resistivity
minima we can explain the behavior of p(T) for 50
K >T>0.4 K using Eqgs. (4) and (7). In Fig. 4 we observe
some deviation at lower temperature for x =50, 54, and
66. For these compositions p(7T) has a large T depen-
dence (see Fig. 9). The significant contribution of the T
term causes a deviation in the fit below T, ;,. However,
low-temperature fits 11333 data only below 3 K show that
p(T) indeed has the V' T-type dependence which will be

2.4
2
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FIG. 10. A comparison of relative contributions of V/ T, T?
and T terms [see Egs. (4) and (7)] for two alloys. The one with
x =63 close to x. has an appreciable T* term, while the other
with x <x. has a negligible 7° term (also see Fig. 9).
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discussed in Sec. III B. (A preliminary report of the data
below T, has been published before.)

We would now like to address the issue of magnetic
contribution (pp,,) to p(T). For T >>T,, the spin disor-
der resistivity pp,, makes a temperature-independent
contribution. The spin-disorder resistivity is expressed

ale

Prag T>T,) = J4S(S+1), (8)

where S is the local magnetic moment and J,; is the con-
duction electron-local spin interaction strength. (Wheth-
er we can use a local magnetic moment picture for these
alloys is a serious issue, but for our discussion we assume
that it holds.) From the measured magnetic moment (ob-
tained from the saturation magnetization), S can be es-
timated. One way to establish p.,,; is to look for the
difference between p. and p,. In our case p_ is actually
about 3 u{) cm smaller than p,. The determination of p,
from extrapolation of p(T) at around 300 K is not error
free. Because dp/dT is slowly decreasing and has not
reached a temperature-independent value at 7=300 K,
p. may therefore be underestimated. In any case we do
not expect an error of more than 10% in the determina-
tion of p.. As a result p, =p,, and even if p. is underes-
timated by 20%, (py—p.) <5 puQ cm. Thus we set an
upper limit of pp,,~5pQ cm. Such a low p,,, will be
difficult to detect experimentally. As a result the direct
magnetic contribution to p(T) remains unnoticed. This
low value of p,,,, is expected at x ~x_ because S is ex-
tremely low in these alloys close to critical concentration,
and p=0.12uz. From a detailed investigation of
different types of Ni-Fe alloys it has been found that
Prmag/S (S +1)=30 pQ cm.'? As a result, a pp,,, of 5 uQ
cm is an extremely reasonable number for these alloys, if
S is indeed small.

From the discussion above we conclude this subsection
with the following remarks.

(a) At high temperature (7°>100 K) the resistivities
are nearly linear. The high-temperature linear behavior
is due to electron-phonon interaction.

(b) The resistivities near T;, and below 50 K contain a
dominant T2 contribution in addition to a 7° contribu-
tion. The contribution of the T2 term to p(T) first in-
creases with increasing x, and then decreases rapidly as x
approaches the critical concentration x.. There is a large
increase in the contribution of the 7° term in the critical
region (see Figs. 9 and 10). We suggest that the T> con-
tribution is due to electron-phonon interaction in the
presence of s-d scattering. The increase in 4, (which is
also related to electron-phonon interaction) follows the
same trend as 4.

(c) The T? term most likely arises predominantly from
spin waves. The Baber contribution, if we take a clue
from pure Fe, Ni, etc., seems to be much lower than the
observed T contribution. The T? contribution as mea-
sured through A, increases gradually as one increases
the Fe concentration. However, near the critical region
it drops rather sharply (see Fig. 9). When we go to
Xx =66, where we have the onset of long-range order
(AFM), the A4, term again recovers (see Fig. 9). We dis-
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cuss this point in Sec. IIIB.

(d) The increase in A4,, 4,, A;, etc. leads to an
enhancement of Ap(T) (=p3p0 k —Pmin) at the critical re-
gion (see Fig. 6), and a fall in these terms beyond x > x,
gives a sharp fall in Ap.

(e) There is no distinct feature in p(T) or dp/dT at
magnetic transitions. However, there is a definite sys-
tematic dependence of p, as well as different parameters
(e.g., A;, A,, and A,) on the composition. We will dis-
cuss this below.

(f) The upper limit on the direct magnetic contribution
(Pmag) tO the resistivity is estimated to be 5 pQ cm.

B. Temperature dependence of resistivity for T < T ;,

All the alloys of the Fe-Ni-Cr series exhibited resistivi-
ty minima except Fe)sCr;s, for which a resistivity
minimum was not observed down to 0.4 K. In crystalline
alloys with dilute magnetic impurities (particularly 3d
metals in noble metals) one often sees the existence of
resistivity minima at certain temperature T ; i.e., for
T < T pin» p(T) rises again following a InT relation which
is explained as due to the Kondo effect.’* However,
resistivities for the samples studied by us below T, do
not follow a InT relation, generally observed for the case
of dilute magnetic alloys. The resistivities at 42 ~ K
(p4.ox ) of the samples studied by us were of the order of
50-100 uQ cm. This is evidence of a strong disorder in
these alloys arising from substitutional disorder. In sys-
tems studied by wus, resistivity minima occur at
Tmin=6-11 K, and the change in p(T) below T, is
very small [typically Ap/p (0.5 K)=0.2%]. It is ex-
tremely difficult to determine categorically the exact na-
ture of the temperature dependence of p(T) unless mea-
surements are done down to temperatures well below 4
K. We tried to fix the nature of p(T) below T, with a
proper fitting procedure,® and found that the rise in p(T)
at low temperature follows a limiting V'T-type depen-
dence for T<3K <T,;,/2. A V'T functional depen-
dence of p(T) [Eq. (3)] has been observed in a number of
metallf;glasses14 below 2 K. It is generally believed that
this T dependence arises from disorder-induced
electron-electron interaction.

At this point we want to present the data as conduc-
tivity (o) rather than resistivity. To be specific, the
quantum correction to the conductivity Ao (T) arising
out of electron-electron interaction is given as'> !¢

o(T=0y+Ac=0y+mVT , 9)
where g is o(T=0):
172
kg e?
m=0.915 E] Py F (10a)
and
F=(2-3F,). (10b)

Here D is the electron diffusivity, and F, is a screening
constant.'* Equations (3) and (9) are equivalent ways of
writing the same thing, as long as the correction
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Ao <<0,. Inour case Ao /0,<< 102 It has been found
that for most metallic glasses studied at low enough tem-
peratures (T <2K), m ~6 S/(cm K!/2).1* For the alloys
under consideration, m ~12-14 S/(cm K!72).

If the low-temperature transport in these solids (for
T < T,,;,) is dominated by electron-electron interactions,
then the coefficient m in Eq. (9) which measures the mag-
nitude of correction to conductivity should be a physical-
ly meaningful number. In the following we try to esti-
mate m. The main uncertainty in the estimation of m
comes from the lack of knowledge about the electron
diffusivity D. Though not strictly correct,'>!® an esti-
mate of D can be obtained from the Einstein relation
o~e’g(E #)D, where g(E[) is the density of states at the
Fermi level E;. Specific-heat measurements for this class
of alloys (although not exactly on same compositions)
show a rather large linear term in specific heat.!””!® A

typical coefficient of the linear term y is 25
mJ/(mole/K?). If the large linear term arises from a
high g(E;) alone, this would imply that

g(Ef)z5.7><1035 erg 'cm™3. Using F, =0, we then
obtain m =10 S/(cmK!/?). Given the uncertainty in
determination of D and F »» the calculated m is rather
close to the experimental values. For comparison we now
consider data of Ref. 4. The lowest temperature studied
in Ref. 4 is 4.2 K, but T, for these alloys lies around
15-35 K. Thus a reasonable estimate of m can be ob-
tained from their data, and it is found to be =S5
S/(cm K!72). In Table IV we collect values of m observed
in a number of crystalline alloys where one sees a resis-
tivity minima. For comparison we also show values for
metallic glasses. It is quite interesting to note that for
most alloys m is within a factor of 3.

We now turn our attention to the question of whether
the magnetic order of the solid has any role to play in
electron-electron interactions. As far as the temperature
dependence of o(T) below T, is concerned, all the al-
loys (FM, RSG, SG, and AFM) show a V' T dependence
following Eq. (9). Thus the magnetic state of the solid
does not seem to affect the temperature dependence.
There is a small but systematic variation in m, and this
variation is greater than the experimental uncertainties
(level of uncertainty in m =~=+1%). It increases in the
spin-glass phase and is lower both in the AFM and FM
phases.® In fact oy itself increases and follows a similar
behavior. Therefore, it seems that in these alloys the

TABLE IV. Observed value of m for some alloys where one
sees a resistivity minima.

Sample Reference p m
(uQ cm) [S/(cmK!/?)]
Pdg,Crq 14 64 4.8
Fesg 37Nis 4sMnyg 5 21 110 15.0
FelzNiésCrw 4 100 8.9
FegoNiyCryo 6 98 14.0
Amorphous alloys 14 105-175 3.7-7
Fe, Nigo_, SigB;, * 14 105-109 5.6—-8.4

2x < 10.4 amorphous alloy.
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effect of magnetic order, if any, on electron-electron in-
teraction is rather small. We believe that this is the first
investigation of this type of polycrystalline alloys with
high concentrations of transition metals carried down to
low enough temperatures that the contribution of
electron-electron interaction on the transport property
has been clearly identified.

To summarize this subsection, we find that the low-
temperature rise in p(T) below T, arises from the quan-
tum correction to the conductivity due to electron-
electron interactions, and has a V' T-type temperature
dependence. We also find that this V'T behavior does
not have any strong dependence on the magnetic state of
the alloy. However, for concentration regions where
there is no long-range magnetic order, we find a slight
enhancement of the quantum correction to conductivity
as measured by m. The value of m is similar (within a
factor of 3) in a large number of metallic alloys where a
V'T rise in p(T) at low temperature has been observed.

C. Resistivity of Fe25Cr75

Magnetic properties of Fe,Cr,op_, (Ref. 19) for
20<x =30 at low temperature (7 <30 K) reveals a com-
plex magnetic behavior quite similar to the Fe-Ni-Cr
series. For the purpose of this work such details are not
important. Fe-Cr forms a bcc alloy in this composition
range and is thus distinct from y-phase Fe-Ni-Cr alloys,
although both alloys are highly resistive and have com-
plex magnetic phases near the critical composition for
ferromagnetism. The reason for studying the Fe-Cr alloy
is to produce reference data for the a-phase alloy, with
which we can compare and contrast the data for y-phase
alloys.

Fe,sCr;5 undergoes PM-FM transition at 7, ~150 K
and FM-ASM (ASM: asperomagnet) a transition at
Tasm~20 K. As in the Fe-Ni-Cr system, the p(T) of
these alloys does not show any features at 7. or T sqp €i-
ther in p(T) (Fig. 5) or dp/dT (Fig. 11). However, as
pointed out above, this system does not show a resisitivi-
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FIG. 11. dp/dT for a Fe,sCr;s alloy. Note the continuous
decrease of dp/dT for T>200 K, and that dp/dT >0 even at
the lowest temperatures.
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ty minimum down to 0.4 K (see Fig. 5), even though the
room-temperature resistivity (p3p g ~104 pQ cm) is
comparable to those in the Fe-Ni-Cr series (90-120
uQcm). The resistivity of this alloy continues to drop as
the temperature is reduced to 0.4 K, showing no sign of
saturation (even at 0.4 K dp/dT is finite and positive; see
Fig. 11). This behavior is in sharp contrast to that ob-
served in the Fe-Ni-Cr series. This observation, in our
opinion, is extremely important. This shows that high
resistivity (hence low D) alone is not the criterion for an
observation of resistivity minima. The resistivity minima
will be absent, or occur at T <<0.4 K if m is very small.
This happens when F, is such that two terms in Eq. 10(b)
are almost balanced.

At higher temperatures p(T) for this alloy has a sig-
moidal shape, as shown in Fig. 5. p(T) follows a T2
dependence for T <80 K, a linear T dependence in the
temperature range 100-200 K, and a large negative devi-
ation from linearity above 200 K which shows an ap-
proach to resistivity saturation (see Fig. 5). Such a dis-
tinct sigmoidal shape is definitely absent in y-phase alloys
at 300 K. The dp/dT vs T shown in Fig. 11 clearly indi-
cates resistivity saturation (7 =300 K), because dp/dT
continues to drop as T is increased even near the room
temperature. There is a split peak around 150 K. We do
not know the origin of this. The coefficients of the high-
temperature (approximate) linear T dependence
(19.60X 1072 uQ cm/K) and the low-temperature quad-
ratic 72 dependence (1.819X 1073 uQ cm/K?) are found
to be more than twice the coefficients 4, and 4,, respec-
tively, obtained for the Fe-Ni-Cr series (see Table III).
These large 4, and 4, give a large Ap (~53u cm) for
this alloy.

From the deviation of p(T) from linearity, we can find
Psat=350 pQcm (pg,, is the saturation value of p at
higher temperature; see Ref. 11 for the procedure for ob-
taining pg,.). P is almost the same as the Ioffe-Regel
resistivity pjr (=#a/e?; a is the lattice constant). For
this alloy ¢ =2.87 A and p;r =354 uQcm. For fcc Fe-
Ni-Cr alloys, a=3.60 A and Pir =440 uQcm, which is
higher than that of the Fe-Cr alloy. Thus p(T) for Fe-
Ni-Cr alloys has to grow more [ ~140-150 Q) cm] be-
fore we see any effect of p,, on p(T). This should there-
fore occur at high temperatures, if it occurs at all.

Below we summarize the principal observation of this
subsection.

(i) The main difference seems to be the presence of a
minima in p(T) of y-phase iron alloys for the whole com-
position range, while for the a-phase alloy (lying close to
the critical composition) one does not find any minima in
p- Such a minima also has been seen in Fe-Ni-Mn al-
loys.?® It may be that the presence of Ni causes this
difference in these alloys, or it may be a property of y-
phase alloys.

(ii) At high temperature in Fe-Ni-Cr alloys p < T, with
no sign of an approach to resistivity saturation at 7'=300
K. However in the Fe-Cr alloy, p shows a sigmoidal
shape with a distinct trend toward saturation at high
temperature. This difference arises due to a lower prin
the Fe-Cr alloy.
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IV. COMPOSITION DEPENDENCE
OF RESISTIVITY AND RELATED PARAMETERS

In this section we will discuss the evolution of the resis-
tivity behavior in this alloy series as we go from the Ni-
rich (small x) to Fe-rich (large x) ends through the criti-
cal region where one observes distinct features. Resistivi-
ties in these alloys as we saw above, receive very little
direct contribution from magnetism through spin-
disorder scattering. Nevertheless, we see clear features in
resistivities at and near the critical concentration
(59 <x <63). We will show below that there seems to be
a direct connection to the occurrence of these features
near the critical region and the absence of long-range
magnetic order (or the presence of magnetic disorder).
This shows up mainly through the collapse of the mag-
netic moment, the decrease of the spin-wave stiffness con-
stant and strength of the s-d scattering, and the cessation
of the spin wave as a propagating excitation in the criti-
cal region of phase diagram.

The first thing to note is that the residual resistivity
(p,) evolves continuously as x is changed, but that there
are two distinct regions. In the Ni-rich end (x <40),
po=1001x5 pQ cm. However, in the Fe-rich end p,, starts
to drop and falls rather rapidly for x > 54, and reaches a
minimum of py=~60 p) cm at x =63. In the AFM phase
po shows a slight recovery. In this Fe-rich end, close to
the critical region, the value of p, is very similar to that
for 304 stainless steel. (To be specific, for FegNi,qCr ¢
Po=~55 uQ cm, and for FesoNiysCr g, po~64 uQ cm.?') In
the Ni-rich end, for x =0 we start with paramagnetic fcc
alloy NigCr,, with p,=100 uQ cm. The high value of p,
in this alloy arises due to Cr, which forms a virtual bound
state (VBS) near the Fermi level.?? Using the language of
the “two-current model,” the formation of VBS on Cr ad-
dition gives pot=16 puQcm/at.%, py~=7.2
uQ cm/at. %, and py=5 pQcm/at. % Cr (py, is the re-
sidual resistivity due to o spin band), and this saturates
only beyond 20 at. % Cr. As x is increased from zero by
adding Fe in place of Ni, we have a slight increase of p,
to around 105 uQ cm for x ~25. In this region the ma-
trix is predominantly Ni, and addition of Fe is similar to
what happens in the Ni-Fe alloy.?* Ni,y,_,Fe, retains its
fcc structure for x <65, and in the region x <40 p, satu-
rates to a value of around 5 € cm. The increase in p, of
the Nig,_, Fe, Cr,, to around 105 pQ cm for x ~25 (from
Po==100 uQ cm for x =0) is thus understandable. In this
region both T, as well as the magnetic moment pu (de-
rived from saturation magnetization) increase as x is in-
creased.” The rise most likely arises from Fe spins, but
concentration of Fe being low, antiferromagnetic Fe-Fe
interaction (expected in y-Fe) has not yet set in.

In the Fe-rich end the limiting composition is Feg,Cr,,.
From previous studies?* of both Cr-rich and Fe-rich Fe-
Cr alloys, and our studies of the Fe,sCr,5 alloy, we esti-
mate that FegyCr,, should have a value of p,=50-60
uQcm. (When Cr is added to Fe, py==2.6 uf) cm/at. %
Cr.) For x 225 the Cr finds itself increasingly in an Fe
environment, and eventually the alloy appears similar to
a Fe-Cr binary doped with Ni. It is thus expected that
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po in the Fe-rich end will have a smooth decrease to the
po value of FegCry,. In Fig. 6, we have shown by a
dashed line how p, “‘should” decrease monotonically for
25<x <80 if there was no anomaly at x =x,.. Barring
the critical (54 <x <66) region, we can say that p,
evolves smoothly from a p, of NigyCr,yq to a py of FegyCryq
as x increases, and the high resistivity for these alloys
arises due to Cr, which is known to form VBS at the Fer-
mi level in both Ni and Fe.?

We would now like to address the anomalous behavior
of py around the critical region. This drop in resistivity
can be caused by a rather sharp drop in g(E), implying
that we have less d-type states to scatter to. However,
the experimental determination of y (the coefficient of
linear specific heat) in alloys of similar composition show
a rise in ¥ near the critical region. However, this contra-
dicts what is observed, and calls for a somewhat critical
analysis of the situation. If both spin-up and spin-down d
bands are occupied, then an enhancement of y will not
lead to extra p,. This is quite likely because our magne-
toresistance measurement at 4.2 K showed extremely
small (or negligible) ferromagnetic anisotropy,?® implying
equal population of spin-up and spin-down bands. The
increase of y in this region may also completely arise
from a magnetic contribution.” If so, then the fall in p, at
x ~x,. will not be related to y. It can also mean that ad-
ditional states at E, contributing to y have a predom-
inantly s character, and they can lead to enhanced
charge-carrier concentration and a decrease in p,. This is
what we think we observed in our Hall measurement (see
Fig. 12), keeping in mind the caution that the Hall con-
centration may not represent the true carrier concentra-
tion. If this is indeed an enhancement of the mobile car-
rier concentration (as seen in Fig. 12), a drop in p, in this
region as well as its recovery beyond the critical region
can be explained. It is thus plausible that the anomalous
behavior of p, near the critical region is a reflection of
enhancement of the charge-carrier concentration. Note:
Measurement of Ry has been done in a field of 1.8 T at
room temperature, which is much larger than the highest
T, (=120 K) of the alloys. This was done to avoid any
contribution from the extraordinary Hall effect. How-
ever, we understand the limitations of such a Hall mea-
surement, and exercise caution not to extract too much
information from it. It may also be noted that we have a
positive Ry.)

T

22
6x10

nH (Crn_S)
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50 55 60 65
Fe (ate)

FIG. 12. Hall concentration ny (=Rj;"') as a function of x.
R;; has been measured at 300 K for field of 1.8 T.
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The temperature-dependent part of the resistivity,
represented by Ap(p3go k — Pmin)> Shows a peak in the criti-
cal region x ~59-63. It starts rising from x ~37, and
after passing through a maximum at the critical region it
falls again. This behavior of Ap when added to p,
(=~pPmin) produces the sharp peak in p;y g for x =54 (see
Fig. 6). Ap consists of T2 and T3 terms at low tempera-
ture, and a linear term at higher temperatures [see Egs.
(7) and (2)] which are represented by coefficients 4,, 43,
and A, respectively. The variation in 4, 4,, and 4;
reflect the variation in Ap (see Figs. 6 and 9). A4, rises
continuously as Fe is added in place of Ni, and shows a
peak at x =63. A, rises and shows a peak at x ~ 54, falls
to a minimum at x =~63, and recovers at x =~66. A, is
extremely small far away from the critical region, and it
shows a peak at x ~63.

Our explanation for A, is that it arises from electron-
magnon scattering, and is given by*®

A, <SG /D2, , (11

where S is the spin, G is the coupling constant of the spin
wave to electrons and D, is the spin-wave stiffness con-
stant. The 4, term in the Ni-rich end approaches a lim-
iting of 0.1 nQ cm/K? and its maximum value at x =54.
As Fe is substituted for Ni, neutron-scattering data® show
that the spin-wave stiffness constant D, goes down al-
most linearly (for x =40), and that it lies between 150
and 20 meV A2, The spin S also goes down somewhat for
40 <x <75, as inferred from the magnetic moment u ob-
tained from the saturation magnetization data.’ Howev-
er, since D, goes down more rapidly as x is increased,
and appears as D2, in the denominator, 4, increases
rather rapidly in the region 40=<x <54. In this region,
our data confirm neutron-scattering data showing that
well-defined spin waves exist in these alloys and that they
scatter electrons.

The drop of A4, for x >54 is due either to the collapse
of the magnetic moment on approaching the critical re-
gion, or to the fact that the spin wave in this region does
not exist as a well-defined propagating excitation.
Neutron-scattering experiments done in a similar region
for the Fe-Cr alloy show that the spin-wave energy de-
creases continuously, and that the damping increases as
the critical region is approached.”” The recovery of 4,
in the antiferromagnetic region is possible if the antifer-
romagnetic spin wave is established in this region of
long-range order. The fact that the rise in 4, is linked to
a softening of the spin-wave stiffness constant can be seen
for the alloy Fe,sCrys. In this alloy 4,~1.8 nQcm/K”.
This is a factor of 2 higher than the highest 4, (=0.9
nQ cm/K?) observed in the Fe-Ni-Cr series. Dy, for
Fe,sCr;s as measured from neutron-scattering experi-
ments? is =15 meV/AZ It is therefore expected that A,
will be much higher for the Fe,;Cr5 alloy if other factors
are not too different. We thus conclude that the T2 term
is a signature of electron-magnon scattering. The drop of
A, at the critical region is due to the collapse of the spin
wave as well-defined excitation, or a collapse in S (or
both), and the initial rise in the ferromagnetic region (for
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FIG. 13. A,/ A3 as a function of x.

20<x =<54) is due to softening of the spin-wave stiffness
constant.

The rises in A, and A4, (as x is varied) are linked to-
gether if they arise from a Bloch-Wilson-type of
electron-phonon interaction (including s -d scattering). In
that case 4, <K,;/0,; and 4;=<K,;/63,;, where K, is
the electron-phonon coupling constant in the presence of
s-d scattering. The rise in 4, and A; as the critical re-
gion is approached can come from a decrease in 6
and/or a rise in K. To check this, we consider the
quantity A4,/A3, which is independent of 6, and
«1/K2. If K, remains constant as x is varied, 4,/ A4
should also remain constant. In Fig. 13 we show 4,/ 43
as a function of x. We find that 45/ 41 has a sharp max-
imum at x =60-63, the critical region. This implies that
K, actually decreases in this region. Therefore, the gra-
dual increase in 4, and A, as x is increased arises from a
decrease of 6,;. This decrease of 8 ; actually offsets the
decrease in 4, and A; arising from the decrease in K.
On further increase of x (i.e., in the AFM phase), one
finds 4,/ A3 and hence K,; has increased to its normal
value. K, is linked to the strength of s-d scattering as
well as to the charge-carrier concentration. The decrease
in K ; near the critical region would mean a decrease in
the s-d scattering. (This is the same conclusion we ob-
tained previously from analysis of p, and/or an increase
in carrier concentration.)

In the above analysis, we have tried (in a qualitative
fashion) to explain the composition dependence of the ob-
served resistivity data. We have also tried to establish
links with various other properties of the material, in par-
ticular with the nature of the critical region. It will be
interesting to make similar studies of systems like Fe-Ni-
Mn, and to check the validity of some of the explanations
offered here.

V. SUMMARY AND CONCLUSION

In this paper we presented an extensive study of the
resistivity of Fe-Ni-Cr alloys for almost the entire region
of composition where Fe preserves the y phase for a
given Cr concentration. A number of interesting
behaviors were observed. In particular, there are distinct
features in resistivities for alloys lying close to the critical
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region. We tried to provide a qualitative and semiquanti-
tative explanations for the observed behavior. Though
the direct contribution from the magnetic contribution to
p(T) seems to be quite low, the indirect contribution of
the magnetic order (or its absence) in the critical region is
clearly seen in the resistivity.

Below we summarize the answers to the questions
raised in Sec. I.

(a) The high resistivity (py) of these alloys arises from
the presence of Cr, which forms VBS near the Fermi lev-
el. (Cr is known to form VBS when added to either Ni or
Fe.) The change in p, from 100 ucm for the Ni-rich
end (low x) to ~60 uQ cm for the Fe-rich end (high x)
arises because Cr finds itself in a predominantly Ni (Fe)
environment for low (high) x.

(b) With concentrated magnetic constituents, we are
not in the traditional Kondo regime. There does exist a
resistivity minima at low temperature in Fe-Ni-Cr alloys,
although it arises from origins not related to the Kondo
effect.

(c) For alloys lying close to the critical region, the
direct magnetic contribution to p, can be quite small, be-
cause the average moment u leading to the magnetic con-
tribution is very small. Also, any feature in p(T) or
dp/dT at T =T, may not be possible to observe. Howev-
er, near the critical region features such as vanishing of
[, change in the spin-wave stiffness constant, and other
related factors contribute to Ap(T), and give rise to rath-
er interesting variations as x is changed.

(d) The absence of the spin wave as a propagating exci-
ton near the critical region (SG and RSG phases) shows
up in the rapid decrease of the T2 term in p(T) (which
arises from electron—spin-wave scattering) in the region
59<x <63.

(e) There are important quantitative as well as qualita-
tive differences between Fe-Ni-Cr alloys and the Fe-Cr al-
loy. In the first case we find well-defined resistivity mini-
ma. These are present in at least one other y-phase Fe al-
loy Fe-Ni-Mn. At the high-temperature end at 300 K,
we see no approach to resistivity saturation for Fe-Ni-Cr
alloys, but Fe,sCr,5s shows a clear approach to saturation
even at 300 K. This difference most likely arises from the
difference in pyg, which is smaller for Fe,sCr,5 because of
the smaller lattice spacing (a-Fe structure).

() Qauntum interference effects (electron-electron in-
teraction), which give rise to a V'T correction to conduc-
tivity, can explain the existence of resistivity minima in
these alloys. The onset of long-range magnetic order (or
its absence) seems not to have much effect on this correc-
tion.
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