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Correlation between the extraordinary Hall constant and electrical resistivity minima
in Co-rich metallic glasses
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The Hall effect has been studied in some Co-rich ferromagnetic metallic glasses which show regigtivity
minima at low temperatures. It is found that the extraordinary Hall consRy)tshows a corresponding
minimum. The scaling relatioRs~ p" holds withn=2 showing the dominance of quantum transport in these
high-resistive disordered systems. The temperature dependences of magnetization and electrical resistivity are
also interpreted in terms of existing theories.
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I. INTRODUCTION B. Asymmetric scattering
The Hall resistivity(py) in a crystalline ferromagnet is, _ In the case of very dilute alloys at low temperatures the
for T<T,, given by Boltzmann equation should be adequate. Heyés caused
by “asymmetric scattering” of magnetized conduction elec-
pu = RoB + uoRMs, (1) trons as proposed by Sniitin the presence of a spin-orbit

interaction there is a left-right asymmetry in the differential

of free space. The Lorentz force acting on the charge carriers,rrent density. As a result charge carriers tend to pile up on

is responsible for the first term wheRy is called the “ordi- e side of the sample producing a transverse electric field.
nary Hall constant.” This term is present in nonmagneticHgre

materials as well. The second term, characteristic of a ferro-

magnet, depends on the saturation magnetizatigrwhile Rs=ap. €)]
R is known as the “extraordinary” or the “spontaneous” Hall
constant. In Eq(l) Ry andR; have the same units éim/T

in SI. Two different mechanisms are responsible Rgr

The Hall effect in ferromagnetic metallic glasses has been
reviewed at length by McGuire, Gambino, and O’hanélley
and Egamf. Equation(2) is found to be valid forR; in Fe,

Ni, and Co-based metallic glasses indicating the expected
A. Nonclassical transport dominance of the side-jump mechanism in these high-

It has been showhthat whenever the dimensionless pa- resistive metallic glasses. The values Ryf in amorphous
rameterf/ E¢, where is the electron relaxation time and Metals and alloys are, in general, much larger than those of
Er is the Fermi energy, becomes large, the classical Boliztheir crysta!lme counterparts. This is a direct consequence of
mann equation does not hold and nonclassical terms begin fge much higher resistivity in the amorphous state. Also, here
dominate. Karplus and Luttingerand later on Luttinget, Rshas_aweak temperature dependence because of th_e corre-
using a quantum transport theory, were the first to predicBPonding weak temperature dependence of the electrical re-
that R, is proportional top?, wherep is the electrical resis- sistivity since the.d|sgrder—|nduce_d resistivity dor_nlnates over
tivity. Due to the spin-orbit interaction present in a ferromag-te thermal contribution. LachowitmterpretedR; in amor-
net, the symmetry of the problem is low and there is a nonPhous G_dCo sputtered films in te.rms of two contributions,
zero transverse electric field which gives rise to a HalloN€ coming from the skew scattering and the other frogn the
voltage. The above theories are quite complicated and ifdonclassical side-jump mechanism. However, Stebal.
volved. However, later on Bergegave an intuitive picture €XPlainedRs in amorphous Co-metal film byzonly the quan-
of the physical mechanisms responsible for the Hall effect ifUM Mechanical side-jump mechanisiis~ p%). Froi‘n the
concentrated ferromagnetic alloys and high temperatures. HgMperature dependence of b&handp, Ivkov et al. % ob-
proposed that an electron undergoes a discontinuous and finedRs~p® in a vast majority of Fe/Co/Ni-based amor-
nite “side jump” at every scattering by impurities or phous alloys. AlsoRs is found to be positive for Fe and Co

phonons. This also leads to the equation and negative for Ni-containing metallic glasses 300 K.
However, most of the work reported till now is on those
Rs=bp?. (2) amorphous alloys wher@monotonically increases with tem-

perature and as doé&. The motivation behind the present
Both approache$? by the way, predict thab in Eq. (2) is  work is to track the scaling laviRs~ p" where p shows a
independent of the nature of the scatterer. minimum atTm, i.e., doesRs also show a minimum? How-
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ever, we find that ifR;M¢ decreases with temperatui@s in oo Tek S ]
the present case, but not necessarily so for other materials 5. gosmiiiiy 10t 14
by the same amount ddg decreases with temperature, the i O AT I
change of Ry with temperature is very smalispecially 1 f/’h"w?a's’x' LA
around the minimumand becomes comparable to its experi- 1.5+ J
mental error. As a result a weak minimum is found=ynear - F
Tmin only two of the alloys. Also, we find thai=2 (side- E« ‘-' Sample 4
jump mechanismshowing the dominance of the nonclassi- % 104 ¢ T=368K .
cal mechanism for the origin . E | '.‘
§
Il. EXPERIMENTAL DETAILS 051, N
The as-received metallic glass samples are in the form of e
ribbons, of typical width~1 mm and thickness-0.030 mm. W+
The nominal compositions of the amorphous alloys are as 60 05 10 15 20 25 30
follows. B(T)
gl)) S'Silr&ppilee 12'_':'%%50’\“;7\'?1631% Si FIG. 1. Hall resistivitypy vs magnetic inductio for sample 4
- FR-031. NI34CT55149lg. at 6, 49, 90, 131, and 188 K. They show typical behavior of a
(iii) Sample 3: FegC0s; NizgCrigBi4Si. ferromagnet above 1T.

(iv) Sample 4: FggCosq NisMn 5B1,4Sis.
They were prepared by melt quenching. The amorphous ngpr sample 3. Whereas for the other three samples 190 K
ture of the samples was checked by X-ray diffraction mea-~T /2 it is =T, for sample 3. For ferromagnets the band
surements using a Rich and Seifert Isodebyeflex 2002 difsp|itting due to the exchange interaction disappears around
fractometer with a Cu targéK,=1.54 A). The results show 1_ This affects the carrier density as well as their conduc-
broad peaks at low angles due to short-range order. Thefgjities makingR, strongly temperature dependent arodid
was no observable crystalline phase. The Hall resistiyity  as is the case with sample 3.
was measured using a standard 5-probe dc method for mini- ,, RMj is plotted against temperature in Fig. 3 for all the
mizing the resistive voltage arising from the misalignment ofsamples. They show a weak decrease with temperature for
the Hall voltage probes. A voltage divider was made for eacht <50 K. The solid lines are just guides to the eye. As ex-
sample using two General Radio decade resistance boxgsected for sample 3BRMs—0 asT— T, (=222 K). How-
The misalignment voltage was adjusted to withim or  eyer, to extracRy(T) we use the SQUID data favl vs T
better at each temperature. The Hall resistivity was measuragich is shown in Fig. 4 at an external field of 1 T. Com-
at 27 temperatures between 6 and 190 K and magnetic fieldsaring Figs. 3 and 4 we observe that from 5 to 190RVI
up to 3 T. The electrical resistivity in zero field was mea-gecreases by 11.6, 26.7, 67.4, and 19.3% Moy 15.7,
sured using a standard 4-probe dc setup from 4.2 to 200 K 8i5 7 64.6, and 22.4% for samples 1, 2, 3, and 4, respec-
every 1 K. The magnetization was measured in a magnetigyely. This results in a change of only 4, 0, 3, and 3%,
field uoH=1T using a Quantum Design superconductingrespectively, forR, with T over this wide range of tempera-
quantum interference devi¢8QUID) magnetometefl¢’s of  tyre. Thus to find the temperature dependencB.dnd ul-
samples 1, 2, 3, and 4 are found to 6895, 386, 222, and  timately to check the scaling relatidR~ p" becomes ex-
368 K, respectively.

I1l. RESULTS AND DISCUSSION
A. Hall effect

Figure 1 shows the Hall resistivitip,) against magnetic
induction B for sample 4 at temperatures of 6, 49, 90, 131,
and 188 K. In the Hall geometry the magnetic field is per-
pendicular to the sample plane and so the demagnetization ¢
factor N=1. Thus B:MO[Happlied"'(l_N)Ms] = /-LOHappIied- 3
pn shows the typical behavior of a ferromagnet T,
=368 K wherepy almost saturates beyond a cert&irthere
1 T) and varies linearly with a slop®, and an intercept
moRMs. Ry vs T for all the samples is plotted in Fig. 2 up to
190 K. The solid lines are just guides to the elggis found 0 50 100 150 200
to be positive over most of the temperature range and has a TK)
weak temperature dependen(escept for sample )3ndicat-
ing minimal changes in the band structure in this temperature FIG. 2. The ordinary Hall constaiR, vs temperature for all the
range. A sign change from negative to positive is observedamples showing a weak temperature dependence except for sample
below 30 K.R, has a much stronger temperature dependencg. The solid lines are just guides to the eye.
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FIG. 3. uoRMq (intercept with thepy axis of Fig. 3 vs tem- FIG. 5. Electrical resistivityp vs temperature for all the

perature for all the samples showing a weak temperature depesamples. The points are the raw data, and the thick solid lines are
dence below 50 K. The solid lines are just guides to the eye. the best fits ofp to Eq.(6) at very low temperaturefl <22 K).

tremely diffi(_:ul_t, if not impossible for some of the present gences on the same graph for the more favorable samples 1
samples. This is because of the very similar decrea®M{  ang 4, respectiveljfwhich show meaningfully measurable
andM with temperature. For example in sampléRhardly  ~(3-49 changes irRy(T)]. It is amply clear from Fig. 6
changes(0%). For sample 3, althougiR; apparently de-  {hat sample 4 shows a minimum R, at about 25 K, the
creases by 3%, the accuracyR{T) is very poor since itis  same temperature at which the electrical resistivity shows a
determined from the large decreaseRaM«(67.4% andMs  minimum. The large error bars iR are due to the similar
(64.6% with T due to itsT; of only 222 K. This decrease of decrease oRM, and M with T, as mentioned above. The
3% in Ry is not significant since the errors RMg andMg  minimum is not as clear in Fig. Bample 1 but it cannot be
are at least 1% each. overlooked. We must mention here tHfT) has to be de-
The temperature dependence of the electrical resistivityermined from two independent measurements, the Hall re-
(p) is shown in Fig. 5 for all the samples. The data for sjstivity and the magnetization. Also, in ferromagnetic mate-
samples 1, 2, and 3 are taken every 1 K, and thus the curvegls whereRM increases with temperature the extraction of
look almost continuous. They show resistivity minirtig,) R.(T) is much more accurate sindé; always decreases with
at 15, 65, 35, and 24 K, respectively, for samples 1, 2 3, angemperature. A comparison of the absolute valuefRomn
4. In the temperature range of 5-19QKg. 5 p has aweak our samplegtypically 3x 108 Om/T) gives a reasonable
temperature dependence for samples 2 and 3 and somewhgjreement with the values obtained by Ivketval1° (typi-
stronger for 4 and 1. In order to correld®gwith p we have  cally 2x 108 Om/T). Also, R, increases from 2.4 108 to
plotted in Figs. 6 and 7 theiiRs and p) temperature depen- 4x 108 Qm/T from sample 2 to 3 which have similar com-
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FIG. 4. MagnetizatiorM vs temperature for all the samples at FIG. 6. R; and p vs T for sample 4. Both show a minimum
moH=1T. The solid lines are the best fits bf to Eq.(4) up to T around 25 K. The error bars iR are also shown. The solid lines
=0.3T.. are just guides to the eye.
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1.82 lic glasses nonclassical transport clearly dominates over the
] Smit asymmetric scatterigor which n=1.
. 1.80
E B. Magnetization
) 1'78'. The good quality of magnetization datgig. 4) permits
3 176 analysis of the process of thermal demagnetization in these
of metallic glasses. In both crystalline and amorphous ferro-
g 1‘74_' magnets, consideration of only the harmonic term in the
% spin-wave dispersion relation gives the following expression
2 17 for the magnetizatiof12
1 M(T) =M(0)[1 + AT, (4)
1.70
e — Many amorphous ferromagnets follow Eq4) till T
0 30 60 90 120 150 180 =0.37.%°
T(K) The spin-wave stiffness constant is related\tabove and
is given by
FIG. 7. The same as in Fig. 6 except that they are now for
sample 1. _ ﬁ(%)m 5)
47\ M(0)A

position but differ in Cr by only 5% at the cost of Ni. Since

Rs in Ni is negative! less Ni make®R, more positive in these The M(T) data(Fig. 4 have been fitted to Ed4) up to T

=0.3T.. The solid lines in Fig. 5 represent the best fits to

Co+r|ch (Re> 0.) me;alhcglas;is. learlv show tRaand Eq. (4). These fits are quite good with correlation coefficients
h gsu?mﬁr'?’ thlgst; ?nf ¢ elz(aryrls (;)W tP:? ndp go th =0.999 andy? consistent with the experimental resolution.
and in hand. 10 e best of our knowledge Ihere 1S N0 ey, spin-wave stiffness constants, calculated from (By.

oretical work on the effect of the electron-electron interac-are found to be 108.6, 75.8, 71.2, and 89.9 meX/fdr

tion on the side-jump mechan_lsm or any oth_e_r quanturr%amples 1, 2, 3, and 4, respectively. These values are com-
transport theory foR;. The coincidence of the minima only arable to the value 100 meVZ&ound in many Fe-B me-

impli(te_s_tthat_the cor_npetindg mech_anism; rtesponsilt:)le f%r th allic glasses* M(0) in samples 2 and 3which are very
[gsselviln);eggtlgg(\grfd’ IiJncr?e(;Siizmv%itvr\:l terﬁ&?:{&grgueu?osimilar in composition but there is 5% more Cr ?n samp_]e 3
electron-phonon scatteripglso guide the temperature de- are 460 _and 200 emu/cc,_ respectlvely_. Cr-Cr interaction in

~_the localized model is antiferromagnetic and hence just 5%
pendence ofRs through p. For samples 2 and 3, there is

negligible temperature dependenceRyf and no correlation more Cr in sample 3 understandably redu#®) consider-

with p, which also shows a very weak temperature depen<§1ny by a factor of~2. A similar interesting consequence of

dence. To find the exponentof Ry~ p" we have plotted in antiferromagnetism of Cr is the reductionTg from 386 to
Fig. 8 InRsvs In p for both samples 1 and 4. The slope gives222 K,

n=2.2+0.1. Inthese high resistivity~150 «{) cm) metal- _ o
C. Electrical resistivity

- ' 7 The relative accuracy of the electrical resistivity data
17144 T shown in Fig. 5 is 10 ppm. Their values vary between 145
T / T and 155u() cm and have no significant composition depen-
~17.15 1 Samples 1& 4 . L 1 dence except that an additional 5% Cr in sampléo@er
1 / * 1 sample 2 increasep from 145 to 155u() cm. Cr increases
-17.16 + L . p significantly also in crystalline NiCr binary alloy§.Many
1 . / 1 of the metallic glasses which have large electrical resistivity
-17.17 . show minima in their temperature dependence similar to
/" ; those shown in Fig. 5. They can be explained by quantum

. 16 :
-17.18 - +~" R=bp", n=22:0.1 . interference effect$>1°The equation

; ) 1 - _ATLR
el p(T) = po— AT (6)

¥ . describes this resistivity data very well beloly, with A
720 : =(400-1000Qm K~*2 in agreement with many other me-
-13_l4oo -13_I395 -13_I390 -13_I385 -13?330 -13_I375 tallic glass sampleé?lsThe thick solid lines in Fig. 5 are the
Inp(10° Qm) best fits to Eq.(6) and yield correlation coefficients of
=0.99. Electron-electron interaction effects, in the presence
FIG. 8. InRy s In p for samples 1 and 4 on the same plot. The of weak localization, predigt~ \T well below Ty, Thus the
straight line is the best fit to the equatioRg=bp" with n fits extended only to 12, 22, 10, and 20 K, respectively, for
=2.2+0.1. samples 1, 2, 3, and 4.

InRy(10° Qm/T)
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IV. CONCLUSIONS plained in terms of electron-electron interaction in the
The minima in the electrical resistivity and the extraordi- Presence of weak localization as observed in many disor-

nary Hall effect go hand in hand in two of the ferromagneticdered systems.

metallic glasses having a high resistivigy150 1€} cm. In

the other two samples the variationRf with temperature is ACKNOWLEDGMENT
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