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Hall effect in crystalline Ni-Fe-Cr alloys showing resistivity minima
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~Received 8 September 1997!

The temperature dependence of Hall resistivity (rH) is presented for magnetic inductions up to 1.3 T and
temperatures down to 1.4 K. The samples are ferromagnetic Ni-richg-Ni75Fe13Cr12 ~sample 1!, Ni70Fe12Cr18

~sample 2!, and Ni73.5Fe8Cr18.5 ~sample 3! alloys. The values of the ordinary (R0) and the extraordinary (Rs)
Hall coefficients are found to be positive in samples 2 and 3 whereas they are negative in sample 1. Electrical-
resistivity@r(T)# studies in these alloys have shown resistivity minima~at Tmin! that are described by electron-
electron interaction effects.R0 is found to be nearly temperature independent in all the alloys. On the other
hand,Rs(T) has shown minima, very similar to those ofr(T) aroundTmin . The temperature dependence of the
positive extraordinary Hall coefficient in samples 1 and 3 is consistent with the minima observed inr(T),
whereas the negative extraordinary Hall coefficient in sample 1 behaves exactly opposite to what is expected
theoretically, i.e., instead of getting more negative, the coefficient becomes more positive on both sides of
Tmin . This is found to be rather puzzling and cannot be explained in terms of the existing theories. However,
the positiveRs(T) is interpreted indirectly~through their electrical resistivity! by electron-electron interaction
effects.@S0163-1829~98!00119-2#
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The Hall resistivity in any ferromagnetic material1 well
below its Curie temperature (Tc) is usually expressed a
rH5R0Bz1RsMs , whereR0 is the ordinary Hall coefficient
~OHC!, Rs the extraordinary Hall coefficient~EHC!, Bz the
magnetic induction, andMs the saturation magnetization
The origin of R0Bz is the Lorentz force acting on the con
duction electrons whereas the second term is attributed to
spin-orbit interaction1,2 present in a ferromagnet. The valu
of RsMs and R0 are obtained from the intercept and th
slope, respectively, of a linear fit of the Hall data beyo
saturation. Theoretically, the concentration as well as
temperature dependence1–3 of Rs is given by Rs5Krn,
wheren51 ~skew scattering! and 2~side-jump effect!, and
K is a proportionality constant. The skew scattering (Rs

5Kr) is expected only in pure metals and dilute alloys1,3 at
low temperatures and the side-jump effect (Rs5Kr2) is
dominant in concentrated1,2 alloys wherer is large~i.e., rH

!r!. Interestingly, until now most of the studies1–6 in crys-
talline alloys were focused on the concentration depende
of the EHC, whereas its temperature dependence has
been paid much attention. Recently, some precise meas
ments of the Hall effect have clearly shown in nonmagne
CuTi and CuZr amorphous alloys7–9 that R0 decreases
slowly with temperature. The presence of dominant electr
electron interaction effects~EEI! in the weak-localization
limit 10 is considered to be its cause. Here we have prese
high-resolution Hall-effect data up to 1.3 T in Ni-ric
g-Ni75Fe13Cr12 ~sample 1!, Ni70Fe12Cr18 ~sample 2!, and
Ni73.5Fe8Cr18.5 ~sample 3! alloys at several temperatures
the range of 1.4–80 K, 1.4–186.3 K, and 1.4–30.3 K,
spectively. The present alloys are all ferromagnetic11,12 with
Tc’s at 365, 179, and 44 K, respectively. Also, they are co
positionally disordered with large residual resistivity11 values
(r0.100mV cm). The electrical resistivity@r(T)# study in
these alloys has shown resistivity minima.11 The motivation
behind the present investigation is to find the tempera
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dependence of the EHC in the present crystalline ferrom
netic alloys that show resistivity minima.

A specially designed cryostat is used for electrical res
tivity, magnetoresistance, and Hall-effect measurements
standard four-probe dc technique is used with a 250
sample current. In the flat Hall sample (20 m
33 mm30.15 mm), the magnetic inductionB inside it is
very nearly the same asm0H ~whereH is the external field!
since the demagnetization factora is almost equal to 1@B
5m0H1m0(12a)Ms#. The temperature stability is bette
than 0.1 K below 20 K and 0.2 K above it. Here the to
Hall signal is found in the range of 2–3mV with the mis-
alignment voltage of the order of 1mV at 1.3 T and 1.4 K.
The experimental resolution of the present data is better t
0.5%.

In Fig. 1, ther(T)/r(Tmin) data up to 40 K are shown fo
sample 3, sample 2, and sample 1 alloys. All the details
the alloy composition,Tc , r1.2 K, Tmin , depth of minima
@5r(1.2 K)2r(Tmin /r(1.2 K)#, andDr/r290 K are given in
Table I. The r(T) data are interpreted11 in terms of the
electron-magnon scattering (BT2) along with the EEI
effects10 (2mrAT) in the temperature range 1.2–30 K
Typical rH vs magnetic induction data are shown in Figs
and 3 for sample 2 and sample 1, respectively, at some
lected temperatures for better clarity. The absolute value
rH beyond saturation for sample 3, sample 2, and samp
exhibit a decrease with increasing temperature~see Figs. 2
and 3!. rH is found to be positive for both sample 3 an
sample 2, whereas it is negative for sample 1. The sign of
OHC andRsMs are found to be positive in both sample
and sample 3, whereas they are negative in sample 1.
very interesting to note from Table I thatrH beyond satura-
tion at 1.4 K are three orders of magnitude smaller than
residual resistivity (r0) in all the alloys. The values of the
OHC are of the same order as observed earlier in dilute c
talline FeCr and FeCo alloys.4 The values of the EHC (Rs),
11 850 © 1998 The American Physical Society
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evaluated fromRsMs and Ms(T),12 are two orders of mag
nitude greater than those of the OHC. However, they are
order of magnitude greater than those of the dilute crystal
FeCr alloys4 and nearly equal to those of the concentra
Ni-rich NiCu alloys.13 The Hall resistivity (rH) beyond satu-
ration is almost equal toRsMs , i.e.,rH.RsMs ~see Table I!.
Hence, theoretically, such a large extraordina
contribution1–3 to rH can certainly be attributed to the sid
jump effect.

The temperature dependence of the OHC (R0) is shown
in Fig. 4 where it is found to be almost a constant except
a broad maximum. On the other hand, the temperature
pendence of EHC in the present alloys, irrespective of th
sign, exhibits~see Fig. 5! a nature very similar to those o
r(T). In Fig. 5, the data for sample 2 are shown up to 80
whereas those for sample 3 and sample 1 are presented
40 K. TheRs(T) for sample 3, sample 2, and sample 1 h
shown minima at 20, 35, and 20 K, respectively, which
of the same order as theTmin of their resistivity. However,
the decrease inRs up to their respective minima are foun
around 11, 7, and 1% for sample 3, sample 2, and samp

FIG. 1. Plot of the resistivity normalized to its value atTmin vs
temperature up to 50 K for sample 1, sample 3, and sample 2.
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respectively, which are quite large compared to the depth
the minima ~see Table I! of their r(T). Recently, large
changes in the Hall coefficient as compared to those of
electrical resistivity have been observed in some highly
sistive alloys.9,14 In conventional ferromagnetic crystallin
metals and alloys,1,3,4,15r(T) is generally found to increas
with temperature which, in turn, increases the magnitude
the EHC (Rs5Krn). As a result, with increasing tempera
ture, the positive EHC becomes more positive4,15 ~e.g., Fe!
and the negative EHC more negative15 ~e.g., Ni!. Here, in
Fig. 5, one finds that the temperature dependence of the p
tive EHC in sample 3 and sample 2 is consistent with
minima of ther(T) data. On the contrary, the negative EH
in sample 1 shows a behavior exactly opposite to wha
expected. As the resistivity increases below as well as ab
Tmin , the negative EHC, instead of becoming more nega
on both sides ofTmin , becomes less negative. In other word
the Rs vs T plot of sample 1 should have been a mirr
image about the temperature axis of sample 3 and samp
This is found to be rather puzzling. A similar behavior h
been observed in pure Co where the negative EHC show

FIG. 2. Plot of the Hall resistivity (rH) for sample 2 in magnetic
fields up to 1.3 T at 1.4, 19.8, 30.0, 77.5, 125.3, and 186.3 K.
TABLE I. Sample designation with their composition, ferromagnetic Curie temperature (Tc), Tmin , value
of resistivity at 1.2 K (r1.2 K), depth of minimum,Dr/r300 K (Dr5r300 K2rmin) along with values of Hall
resistivity (rH) beyond saturation,RsMs , Rs , andR0 at 1.4 K.

Sample no.
Alloy composition

Sample 1
Ni75Fe13Cr12

Sample 2
Ni70Fe12Cr18

Sample 3
Ni73.5Fe8Cr18.5

Tc ~K! 365 179 44
Tmin ~K! 14 22 27
r1.2 K (1028 Vm) 89.6 71.8 76.0
Depth of minima~%! 0.10 0.26 0.37
Dr/r290 K ~%! 4.9 3.8 3.2
rH (10210 Vm) 213.7 4.8 3.2
RsMs (10210 Vm) 213.10 (60.03) 4.70 (60.02) 2.80 (60.01)
R0 (10211 Vm T21) 24.9 (60.3) 1.1 (60.1) 4.2 (60.4)
Rs (1029 Vm T21) 22.70 (60.01) 1.60 (60.01) 2.30 (60.01)
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11 852 57BRIEF REPORTS
minimum at 80 K and finally it becomes positive at roo
temperature.15 This cannot be explained by the usual scatt
ing mechanisms (Rs5Krn). Using the earlier
interpretation11 of the r(T) data @r(T)5r02mrAT1BT2,
wherer0 is the residual resistivity#, the temperature depen
dence of the EHC can be written as~assuming side-jump
mechanism!

FIG. 3. Plot of the Hall resistivity (rH) for sample 1 in magnetic
fields of 0.3 to 1.3 T at 1.4, 20.2, 40.1, and 81.1 K.

FIG. 4. Plot of the temperature dependence of the OHC (R0) for
sample 2, sample 3, and sample 1.
-

Rs~T!5K@r~T!#2

.Rs
02mHAT1BHT2

~neglecting higher-order terms!, ~1!

whereRs
05Kr0

2, mH52Kr0mr , andBH52Kr0B. Here the
term Rs

05Kr0
2 can be called the residual EHC that is sole

dependent on the composition of the alloy. The data for
positive EHC gives a very good fit to Eq.~1! in the tempera-
ture range of 1.4–40 K that can be seen from Fig. 5. T
values of the normalized x2 $1/N( i 51

N @(raw)i
2(fit) i #

2/(fit) i
2%, obtained from the fittings, are of the orde

of 331025, which is close to our experimental resolution.
Fig. 5, the best-fitted curves for sample 3 and sample 2
extrapolated to show deviations at higher temperatures.
values ofRs

0 for sample 2 and sample 3, obtained from t
fittings, are coming as 1.64 and 2.52~all are in
1029 V mT21!, respectively. On the contrary, the values
mH ~in the units of 10211 V mK21/2 T21! and BH ~in the
units of 10214 V mK22 T21! are found to be 3 and 5, and 1
and 49 for sample 2 and sample 3, respectively. The va
of mr andB, calculated from the fitting parametersmH and
BH of Eq. ~1!, are found to be an order of magnitude high
than those obtained from the fitting of ther(T) data. The
large changes inRs(T), up to their minima compared to
those ofr(T), is likely to be the main reason for such d
viations. Moreover, this is not unexpected, as these va
are obtained from two different experiments and especi

FIG. 5. Plot of the temperature dependence of the EHC (Rs) and
their fits to Eq.~1! for sample 2 and sample 3. For sample 1, s
text.
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the Rs(T) data are extracted out of the very small Hall vo
ages. Thus the minima in the positiveRs(T) can certainly be
attributed indirectly@throughr(T)# to the dominant presenc
of the EEI effects. On the other hand, as mentioned ear
the minimum in the negativeRs(T) for sample 1 cannot be
similarly interpreted since it should have shown a maximu
instead. However, the best-fitted line~that has no physica
significance! through the experimental data is shown f
sample 1 in Fig. 5 only to demonstrate the minimum. Non
o

r,

-

theless, this shows clearly that the dispersion in the pres
EHC @Rs(T)# data is less than 0.5%. To the best of o
knowledge, this is the only paper where such strong mini
in the EHC are found for any concentrated crystalline fer
magnet.
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