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Quantum interference effects in(Ni ¢ sZr ¢5) 1-xAl , metallic glasses
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Very high-resolution electrical resistivity data are presented heréNiqyZrq 5) 1Al x (with x=0, 0.05,
0.1, 0.15, 0.2nonmagnetic amorphous metallic glasses in the temperature range 1.2—300 K. All the alloys fall
into the strong scattering regime with negative temperature coefficient of resistance even untill8@Gaéh
specimenwe find three distinct regions, hitherto only theoretically predicted by quantum interference effects,
where the conductivity varies in a sequence\@, T, and T at low, intermediate, and high temperatures,
respectively. Parameters estimated from this quantum correction analysis are in excellent agreement with those
from earlier experiments on other amorphous syst¢88163-18207)06310-§

In strongly disordered amorphous materials the occur- 13 2 (4 3 KT
rence of negative temperature coefficient of resistivitgR (T —o(0)=——+| = — —FU) \ /i' (1)
~p~Ydp/dT), giving rise to resistivity minim&? at low \/E‘Wﬁ 3 2 nD

temperatures, have stimulated many investigators to explore

the various scattering mechanisms. The increagg ®f be- ~ WhereD is the diffusion constant, anB,, is the screening
low T, was initially attributed to scattering from the struc- factor for the Coulomb interaction. Cochrane and
tural two-level state§~ — In(T2+A?)] or to a magnetic one Strom-Olse® deduced a quasiuniversal temperature
of the Kondo type € —InT). Rappet al® have reanalyzed Variation — of  conductivity  o(T)—-0(0)=A0c(T)

the data for many metallic glass systems, previously fitted t= (500 100)\T(€2m) %, valid for a large number of high
the —In T relation, and have concluded that,/T fits much  resistivity metallic glasses with a wide range @f0).

better belowT ,,;,. More recent theorie® considering quan- In strongly disordered crystalline and amorphous alloys
tum corrections to the Boltzmann conductivity equations,the electron localizatidiplays a significant role in determin-
namely, weak localization, and electron-electron interactiodnd the sign and magnitude of TCR at temperatures even as

effects, offer an interpretation to the negative TCR in metalligh as the room temperature. The mutual interference be-
lic glasse$’ tween waves elastically scattered from nearby ions leads to a

The electrical transport properties of amorphousphase coherence between the scattered partial waves. As a
transition-metal alloys have been well reviewed byconsequence, the probability for an electron to return to its
Mizutani} Howson and Gallaghérand Dugdalé. Among origin is enhanced which implies a tendency of localization.
them’ nonmagnetic h|gh|y resistive metallic g|a§sm Quantum ConSideratiOFISncrease the probablllty of back-
which the magnetic susceptibility is negligibly small and scattering. Inelastic scattering and magnetic field can, h(_)w—
temperature independe(Rauli paramagnet witly ~ 10°°  €Ver, .d.estroy the phase coherence and reduce the additional
— 10~% emu/mo), serve as the most suitable system to studyesistivity. Lee and RamaknshnérAItshuIer and AI’OHO\?,.
the motion of conduction electrons in highly disordered en-2nd Dugdal® have given detailed theoretical and physical
vironments. Some of these metallic glassed3@u-Ti, Cu-  interpretations of the weak localization and the EEI effects.
Zr, Ni-Zr, Ni-Zr-M (M =Al, B, Si, H), Ni-P, etc. Generally U?ilng a scaling gppr.o.ach_ to localization by Abrahams
they fall into the strong scattering regimeafoc> 15040 et al™* and further simplification by I—_|o_wso¥_*’r,the correc-
cm) with negative TCR and typical electron mean free pathflon 10 tzhe Boltzmann conductivity is given by
(1) of the order of average interatomic spacing 8-5 A). Ao=e /[27T ALi(T)], where L; is the inelastic diffusion

When the electron mean free path becomes comparabléngth. Li(T)=1/2l;(T), wherel, andl; are elastic and
with the interatomic distance an incipient weak localizationinelastic mean free paths. This was shéwto lead to a
along with an enhanced electron-electron interaction showemperature dependence in amorphous alloys of the form
up. The electron-electron interaction eff€EEI) arises from
the modified Coulomb interaction between electrons which AgxT, Op/10<T<0Op/3 2
are weakly localized due to elastic impurity scattering. Two
theoretical approaches exist which predict a low-temperaturand
JT variation of conductivity ¢). In the strong-scattering
limit, McMillan’s? scaling theory of metal-insulator transi- AogocyT, Op/3<T<0Op. ©)]
tion yields for the conductivity on the metallic side,
a(T)=0o(0)[1+(T/A)*?], whereA is the correlation gap in  This localization correction to the conductivitiggs. (2) and
the density of states & . In the perturbative interaction (3)] describes adequately the temperature dependence from
approacH;® the temperature dependence of the conductivity20 to 300 K in a number of nonmagnetic transition-metal-
o(T), valid for three-dimensional weak-scattering materialspased alloy$;"*? namely, CuTisg, CuseZrsg, CusgHf s,
is given by® TisgBesoZr 10, €tc.
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TABLE I. Fit to o(T)=0(+m, T in the temperature rangd (<T<15 K) : Al conc. (x), coefficients
x2", range of fit, diffusion constar(D), and density of stateN(Eg) for (NigsZros) 1Al , alloys.

X oo m, X2 Range ofT D N(EF)
Alconc. @m~™* (Om K ¥ (10719 (K) 1075 (m?%s  (atom eV !
0.00 530079 358.9 0.2 4-11 5.8 0.95
0.05 480734 365.8 0.5 4-15 5.5 0.88
0.10 457690 379.2 0.7 3-15 5.1 0.89
0.15 443267 438.4 1.0 3-10 3.8 1.18
0.20 441340 458.8 1.0 2-8 35 1.20

a2— 1/N=I =N, (data)- Y;(fit) ][ Y(data)]

All the amorphous samples under investigation are in theemperature values of the resistivity-o ) for all the alloys
form of ribbons having 20-3@m thickness and 1-1.5 mm are high ¢ 165 x{) cm) and they increase with the Al
width. A conventional four-probe dc technique has been emeoncentratior(x). The motivation behind the present work is
ployed to measure the electrical resistivip(T)] of to check whether the scattering mechanism in all these
(NigsZros)1-xAl x with x=0, 0.05, 0.1, 0.15, 0.2 in the tem- highly disordered nonmagnetic alloys can be well described
perature range 1.2—300 K. A combination of a temperaturdy quantum interference effedt®IE). Specifically, whether
controller (Lake Shore, DRC-93( a current sourcéKei-  the theoreticdt**?sequence of/T, T, and T dependence
thley, 220, and a digital multimetefKeithley, 196 was em-  of conductivity could be observed at low-, intermediate-, and
ployed. Liquid He¢' was used as a coolant in a homemadehigh-temperature ranges. Until now, there has been only one
cryostat and the lowest temperature of 1.2 K was attained bygport,2 to our knowledge, on Co-rich ferromagnetic bulk
pumping on the H#& bath by a very high speed Kinney (three-dimensionaimetallic glasses where the full sequence
pump. Typical measuring current of 15-30 mA has beernwas observed in the same alloy. However, since ferromag-
used to minimize any heating effect in these highly resistivenetism may destroy localizatidh¥, the interpretation could
metallic glasses even at 1.2 K. We found that larger measube doubted. In the present study all the alloys are nonmag-
ing currents & 50 mA) disturb the thermal stability consid- netic having temperature-indepedent Pauli paramagnetism
erably at the lowest temperature of 1.2 K. The current anqy~ 10~° — 10~% emu/mo).13
voltage contacts with the sample were made with a nonsu- In the temperature range.<T<15 K, the data could be
perconducting Zn-Cd soldep(T) data were taken at inter- fitted very well to Eq.(1), viz., o(T)=c(0)+m,/T. In
vals of 50 mK in the range of 1.2 to 50 K and then 100 mK Table I, we have summarized the coefficients of the fits, the
till 300 K. The geometrical factors were determined from theyglues ofx? (quality of fit), and the ranges of fit, the latter
mass, density, length, and width. The absolute accuracy qfets extended towards lower temperatures as Al concentra-
the resistivity is only within 5% due to the uncertainties in tion (x) suppressed .. Figure 1 clearly shows this low-
the geometrical factors. The relative accuracy, however, Wagmperature T dependence of the conductivity which
better than 1-5 parts in £0The temperature stability during changes by merely 0.1%. The quality of figX ~ 10~19) is
each measurement was10 mK. extremely good and consistent with the high experimental

We find that all the samples show negative TCR until theaccuracy. The coefficient of VT [m,~(360—-500
highest temperaturg800 K). However, each of them shows m)~! K] is in good agreement With the near-

a tendency towards superconductivity below 4 K. The supergniversal valu¥® of (500100 (Q m) ! K "2 and those

conducting transition temperatureld and its onset are gptained by Das and Majumdaon ferromagnetic metallic
found to decrease with increasing Al content. The room-yjasses.
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FIG. 1. Plot ofAc vs T for (NigeZrgs)1_,Al « alloys and the FIG. 2. Linear dependence Afo on T in the intermediate range

best-fitted straight linegéTable ) as predicted by the EEI theory.  (Table Il) as predicted by the localization theory.
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FIG. 3. Linear dependence afo on JTinthe high-temperature
range(Table Il) as predicted by the localization theory. 05
For all these alloyKgl ~ 4-5 (K = Fermi wave vec-
tor) and so one should expect the screening paranketen -
Eq. (1) to be negligibly small. The diffusion constarb}, 15 ! ! . ,
obtained from the slopent,) of o(T) and Eg.(1) keeping 0 1.5 3 45 6
F, = 0, is in the rangé3.5-5.8 X 10~ ° (m?/s) for all five . InT
sampleqTable ). It is this D which carries the signature of
disorder and we find thai;pqc 1/D for our alloys. The val- FIG. 4. Plot of InA o) vs InT depicting three distinct regions of

ues are similar to those obtained by Howson and Greig/T, T, and T dependence in agreement with QIE. Only raw data
(~2.0X 10" °m?/s for Cu-Ti, Cu-Zr, and Cu-Hf alloy$ and  are shown in Figs. 2—4.
Das and Majumd&r[~ (0.4—-4.0 X 10~° m?/s]. Conse-
quently, the value of the density of statgN¥(Eg)], calcu-
lated using the Einstein relatiob=[p(0)e’N(Eg)] "%, is  dences and Table Il gives all the relevant parameters. The
about 1.0(atom ey ~* (Table | for all the five alloys. This values ofy? are consistent with the experimental error indi-
value is in excellent agreement with those found in CuZr andtating excellent quality of fit. In the regio®p/3<T<Op,
NiZr nonmagnetic metallic glassésAll these results lead to a T behavior, as given by Eq3) is found for all these
the conclusion that our measured slopm,) for the T  alloys. Figure 3 clearly shows théT dependence and Table
dependence of(T) can be well explained in terms of the Il gives the relevant parameters. In this regime as well the
electron-electron interaction theory. fits are excellenty? ~ 10~19. The values otr(0) (which is

Op of all these alloys are in the range of 250 to 350 K.the extrapolated value af at T=0 K) are not exactly the
The region roughly betweer®p/10<T<Op/3 clearly same(Tables | and I} for each sample. This kind of behav-
shows for all the alloys a linear temperature dependence adbur of ¢-(0) was also obtained by Howson and Gréigpr
o(T) as given by Ed2). Figure 2 shows these linear depen- nonmagnetic transition-metal-based alloys. Moreover, Das

TABLE Il. Fitin the temperature rangd3,/10<T=<0p/3 and®/3<T=<0: Al conc.(x), coefficients
x?, range of fit, inelastic mean free pathk)( equations used, and inelastic relaxation times or

(NigeZrgg) 1-4Al  alloys.

m;, l; Ti
(Qm~k? 107 4(mT ~?) (10*°T1?)ts
X oo or X2 Range of or Fit ofo or
AlConc. @m)™* (OQm) K™ 10719 T((K) 107 8mT™? to (108T)!s
0.00 529617 112.4 1.7 30-75 32  gotm.T 2.1
522612 1740.7 8.4  105-250 13 gp+m)\T 8.7
0.05 479911 107.6 1.3 35-70 35  gotm.T 2.4
471749 1837.8 9.1  100-250 12 gg+m) T 8.1
0.10 456949 105.7 8.9 40-80 36  gotm.T 2.6
447619 1954.3 43  120-250 11 optm\T 7.7
0.15 443280 87.8 37 25-50 5.2 oo+m.T 5.1
432921 1966.9 41  100-300 1.0 op+m\T 10.1
0.20 440091 54.8 12 80-140 13.4  go+m.T 14.3

430475 14475 9.4 150-300 1.9 oo+ M AT 20.5
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and Majumdat also found different values of(0) when reported in the case of nonmagnetic transition- metal based
extrapolated from three distinct temperauture regions in thalloys.

case of Co-rich metallic glasses. The reason for this is still The inelastic scattering timg in our alloys is estimated
not clear. Nevertheless, in our case the variation(® does  from Egs. (2) and (3), the relation Aoc=e?(D ;) ¥%

not in any way influence the analysis. However, we should2+2%), and the values ofD found from the low-
point out that we do find a systematic decrease'@ with  temperature rangéTable ). Table Il lists all the values of

X (Al conc) in each region consistent with the observation 7 which are(2.1-14.3x 1070 T2 (s) for T<®p/3 and

of the i_ncrease op with x. o (7.7-20.5x 107137 1 (g) for T>0p/3.

_ In Fig. 4 we have shown separately the three dl_stmct re- Many experimental investigatioh& found 7, of the order
gions of\/T,.T, and \/To.n alog-log plot. The parallellism of 5 5% 101072 () in Cu-zr, Cu-Hf, and Cu-Ti systems
the lines is m_deed striking, especially those between the W the low-temperature range and they agree quite well with
?Xr:rcet-rgsafzgemgﬁ dgLCtgmperature wheter has the same our estimated values. Generally the elastic scattering time
unctiol X ot (7o) is of the order~10"'°-10" % s in these highly resis-

Taking the elastic mean free path length)(~ 3 A ve all his | h ller than the inelasti .
which is of the order of interatomic spacing for all our tive alloys. This Is much sma er than the inelastic scattering
time (r; ~ 107 12-10"* ) even in the higher temperature

alloys? we obtain(shown in Table II from the slope of the This st | ts a finit bability of elect
o(T) curve the inelastic mean free path length to belrangl_e. s strong y”sugges S a finite probability of electron
1,(T) = (3.2 13.4)x 10~ *T~2 (m) for the Ni-zr-Al alloys in oc@!ization in our afloys.
the temperature rang®p/10<T<Op/3. In the region We thank Professor D. G. Naugle of Texas A&M Univer-
0p/3<T<Op, the samé;(T)=(1.0-1.9x 10 8 T-1 (m). sity for providing the samples and the Department of Science
All these values are very similar to those of KZ0™4 T and Technology, Government of India, for financial assis-
~2(m) for T< Op/3 and 1.8 10 6T~ ! (m) for T>O/3  tance through Project No. SP/S2/M-24/93.
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