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Atomic transport in dense multicomponent metallic liquids
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Pdy3Ni Cw/Psg has been investigated in its equilibrium liquid state with incoherent, inelastic neutron
scattering. As compared to simple liquids, liquid,gdl,,Cu,-P,q is characterized by a dense packing with a
packing fraction above 0.5. The intermediate scattering function exhibits a fast relaxation process that precedes
structural relaxation. Structural relaxation obeys a time-temperature superposition that extends over a tempera-
ture range of 540 K. The mode-coupling theory of the liquid to glass trangitmae-coupling theoryMCT)]
gives a consistent description of the dynamics that governs the mass transport in liquid Pd-Ni-Cu-P alloys.
MCT scaling laws extrapolate to a critical temperatdrg at about 20% below the liquidus temperature.
Diffusivities derived from the mean relaxation times compare well with Co diffusivities from recent tracer
diffusion measurements and diffusivities calculated from viscosity via the Stokes-Einstein relation. In contrast
to simple metallic liquids, the atomic transport in dense, liquidsRidCu,/P,q is characterized by a drastic
slowing down of dynamics on cooling andja? dependence of the mean relaxation times at intermediate
a result of a highly collective transport mechanism. At temperatures as higiT aglifusion in liquid
Pdy3Ni oCu,/Po is as fast as that in simple liquids at the melting point. However, the difference in the
underlying atomic transport mechanism indicates that the diffusion mechanism in liquids is not controlled by
the value of the diffusivity but rather by that of the packing fraction.
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. INTRODUCTION forming, molecular liquid$7! Their dynamics has been de-
scribed by predictions of the mode-coupling the@WCT)

We investigate microscopic dynamics in liquid Pd-Ni- of the liquid to glass transitiol? Atomic transport slows
Cu-P melts with inelastic neutron scattering. Our resultsdown by orders of magnitude on a small change in tempera-
show that Pd-Ni-Cu-P can in good approximation be re-ture or pressure. The slowing down of the dynamics goes
garded as multicomponent hard-sphere-like system. As conalong with a spread of the quasielastic line as compared to
pared to liquid alkali metals packing in liquid Pd-Ni-Cu-P is the Lorentzian found in simple liquids corresponding to a
much more dense. As a consequence, dynamics in liquigtretching in time of correlation functions over a wider time
Pd-Ni-Cu-P cannot be described by concepts developed faange than expected for an exponential decay.

Slmple ||qL||dS |nstead, atomiC- transport in Pd-Ni-Cu-P melts Mode_coup”ng theory gives a microscopic exp]anation
is in excellent accordance with concepts developed in theyr this behavior in terms of a non linear coupling of density
context of glass formation. , ~ fluctuations caused by feedback effects in the dense liquid.

Because of the short range nature of the interatomic POxtomic transport is envisioned as a highly collective process.
tential with a strong repulsive core, the potential in simple,; o «ritical packing fractionp, or a critical temperaturg, ,

metals can in good approximation be condensed to an effecmCT . . .
. T . . predicts a change in the transport mechanism from
tive hard-sphere radiu._ Therefore, the packing fraction liquidlike flow to glasslike activated hopping processes.

__ 4 3 . . . . .
¢=3mNR° (n is the number density in unit volués an X i S g
important parameter for the discussion of the transporMCT_C"j“cu"”lt'.Ons forahagd Sphere S)_/stem exh|b|t_a critical

packing fraction of 0.52%% In a colloidal suspensiorp,

mechanisnt. Liquid alkali metals are a paradigm of hard- . . .
sphere-like fluids and their microscopic dynamics have beery 0-58 has been fourftiwhereas in alkali melts the packing

investigated in great detaif* At low packing fraction, e.g., at ractions ae well below 0-157' new multicomponent alloys in a
temperatures well above the melting temperature, atomi€’ basis® and Pd basis™'" at quasieutectic compositions
transport is dominated by binary collisions. This reflects it-€xhibit packing fractions at the their liquidus temperaflifg
self in a Gaussian line shape of the quasielastic neutron sca@f some 0.52%° These alloys, known for their bulk glass-
tering signal in the free particle limit towards large wave forming ability, exhibit viscosities at their melting tempera-
numbersq. With increasing packing fraction, i.e., by ap- tures that are 2—3 orders of magnitude larger than in simple
proaching the melting temperatuFg,, fluid dynamics play a metals and most alloys:?*
more important role and towards small but finit¢he quasi- In previous neutron scattering experiments fast dynamics
elastic line is well approximated by a Lorentzian functfoh. in viscous Zjg gTig ;CU; :NiigB€y; 5 have been investigated:
Alkali melts exhibit a packing fraction of about 0.4 at the Data analysis in the framework of MCT is in full agreement
melting point. with the predicted scaling functions and givesTa some
Colloidal suspensiofiind molecular dynamics simulated 20% below Tiig 22 In an experiment on viscous
binary metallic melt&® that have a significantly higher pack- PdNi;(CusoPs0 (Pd40Q the focus was on slow dynamiés:
ing fraction above 0.5 exhibit microscopic dynamics that isThe long-time decay of correlations exhibits the common
not governed by binary collisions and is typical for glass-features of glass-forming liquids, i.e., structural relaxation
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obeys a stretching in time and a universal time-temperature

superposition. I 1.05 A" * 1273K
Here, inelastic neutron scattering results on liquid 10° ° 1g;g§

Pdy3Ni; (Cuy7Psg (Pd43 are reported. The small change in _ : s 300K

composition compared to BgNi;CusgPo results in an im- S 0

proved stability with respect to crystallizatitfa-a cooling 2 107F

rate as low as 0.09 K/s is sufficient to avoid crystallization g F x

and to form bulk metallic glas¥. This allows measurements 2 2o \ .

of transport coefficients at temperatures around the mode w 0% A s S L

coupling T, with experimental techniques that only require r 2 A

heat treatment for some minutes, e.g., rheomiy radio 10 ;nA‘A‘QA VY RS

tracer diffusion measuremertts. Fa s AA‘AAAAM‘“AAA "
Compared to previous neutron scattering I U IR RIS B

measurement$?® a different experimental setup has been - 0 o (1mev) 2 8

used that covers an extended range of momentum traresfers

This allows a detailed investigation of the fast M@Trelax- FIG. 1. Scattering laws(q,) (logarithmic scalk of liquid

ation and the correlation between structural relaxation angg, Ni, Cu,,P,, obtained on the neutron time-of-flight spectrometer
long range atomic transport. In addition, the temperaturgn 6. The signal is dominated by the incoherent scattering from Ni
range has been extended by several 100 K up to temperaturgsd Cu. The data at 300 K represent the instrumental energy reso-
at which the diffusion of the atoms is of the order of that in lution. Measurements in the liquidT(,=863 K) show a broad
simple monatomic metals. The results are set in context witlguasielastic signal.

macroscopic transport coefficients, the dynamics in simple

liquids, and the predictions by the mode coupling theory ofdo not show signs of crystallization, which is in accordance
the liquid to glass transition. with the time-temperature transformation of the undercooled
liquid.* In order to obtain the scattering la®(q,») (Fig.

1), raw data were normalized to a vanadium standard, cor-
rected for self-absorption and container scattering, interpo-
Pdy5Ni; (Cuy7Poo Was prepared from a mixture of pure el- lated to constang, and symmetrized with respect to energy
ements by induction melting in a silica tube. The melt waswith the detailed balance factor. Fourier deconvolution of
subject to a BO; flux treatment in order to remove oxide S(q,®) and normalization to 1 for=0 gives the self corre-

impurities. Differential scanning calorimetry with a heating lation function®(q,t).

rate of 40 K/min resulted in &, at 578 K and &l ;; at 863

K in accordance with literature valué$?* For the neutron Ill. MODE-COUPLING THEORY ASYMPTOTICS
time-of-flight experiment a thin-walled AD; container has

been used giving a hollow cylinder sample geometry of 22 The ”;?gie'coup'_i”g theory of the liquid to glass
mm in diameter and a thickness of 1 mm. During the meaj[ransmorjr ““(MCT) is developed in the well-defined frame

surement the liquid was covered by a thin layer 8,05 of moleciular hydroijynaamic%?. Starting with the Particle
flux material. For the chosen geometry and neutron wavedensity, p(t)=Z2;5(r —R;(t)), i.e., the positionsR;, of
length the sample scatters less than 2%. Therefore, multipléach particlej, at timet, the Zwanzig-Mori formalism pro-
scattering, which would alter the data especially towards lowides an exact equation of motion for the density correlation
0,26 only has a negligible effect. function, @ o(t) =(pq(t)* pg)/{| pl?):

Microscopic dynamics in liquid Pd-Ni-Cu-P has been in- .
vestlgat.ed on the neutron t_|me—of—ﬂ|ght spectrometer IN6 at b (1) + 02D (t)+f My(t—t')dy(t")dt' =0, (1)
the Institut Laue-Langevin in Grenoble. An incident neutron a a-a o q
wavelength ol =5.1 A~ yielded an accessible wave num-
ber range at zero energy transferef 0.75-1.95 A"t at an
energy resolution of 9zeV [full width at half maximum
(FWHM)]. Regarding the scattering cross sections of the in

II. EXPERIMENT

where(}, represents a phonon frequency at wave nungoer
andM(t) a correlation function of force fluctuations, which
in turn is a functional of density correlations. The static part
Ipf the fluctuating force is a linear combination of density

dividual elements Pd-Ni-Cu-P is a 90% coherent scattereﬂ tuation pairs and depends therefore onlv on the inter
However, with the first structure factor maximum @ tig?\ l;?)tgntig? sa epends theretore only on the nterac-

— 71 . . L
2.9 A" our spectra are dominated by incoherent scatter Since MCT does not aim to describe the detailed micro-

ing, that is dominated by the contributions from Ni with . o . .
~73% and Cu with=20%. scopic phonon distribution, but rather to give a universal

icture of relaxational dynamics at longer times, the integral

The alloy was measured at room temperature to obtain th . L
ernel is split into

instrumental energy resolution function. Data were collecte
in the liquid between 833 K and 913 K in steps of 40 K and M (1) = vgd(t) + Q2my(t) )
between 973 K and 1373 K in steps of 100 K with a duration a q G

between 2 ath 5 h each. At each temperature empty cell runswhere v, models the damping by “fast” modes and,(t)
were performed. The data at 833 K, 30 K below the liquidusaccounts for memory effects through the coupling of “slow”
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r_nocjes. The basic _idea_of the mpde-coupling theory of the q)(q,t):fa+ O (t/t,), (7)
liquid to glass transition is to consider as “slow” all products
of density fluctuations. By derivatiorny(t) contains no i i
terms linear ind4(t). Therefore, in lowest order, it is a qua- wherefq represer_wts the D_ebye~Wa_IIer fa_ctor dm(pl_an am
dratic functional plitude. The scaling functiom, (t) is defined by just one
shape parametex. Close toT, mode-coupling theory pre-
dicts the temperature dependencetgfand hy with the

mg(t) = ; Vg(A1,02)Pq (1) Pg(1). (8)  asymptotic scaling functions:
q1+02=9
In this approximation, the coupling coefficients are speci- t,(T-T.) Y2 and hgo (T—To) 12 @)

fied in terms of the static structure of the liquid.
Equations(1)—(3) lead to the following scenario: a fast

B-relaxation process, which can be visualized as a rattling

the atoms in the cages formed by their neighboring atoms,

precedes a structural relaxation, responsible for viscous IV RESULTS

flow. At an ideal glass transition temperatdrgthe transport

mechanism crosses over from glasslike activated hopping Figure 1 shows the scattering 1a8(q,») of liquid Pd-

processes to liquidlike collective motion. In other words, atNi-Cu-P atq=1.05 A"1. The signal is dominated by the

T., the cages are no longer stable on the time scale of mcoherent scattering from Ni and C&(q,w) displays a

diffusive jump. guasielastic line with an increasing width on temperature in-
A common feature of structurak relaxation in glass crease and with wings extending up to several meV. Above

forming liquids is a stretching in correlation functions over asome 3 meV the quasielastic signal merges into a constant as

wider time range than expected for exponentialexpected for an ideal Debye solid and found in liquid

relaxation®° Experimental data in the-relaxation regime GeQ,.?° The quasielastic signal o8(q,®) is fairly well

can usually be well described by a stretched exponentiadeparated from vibrations.

function

oThere are tables providing y, andg, as a function of.?

F(q,t) — fg exn: _ (t/Tq)Bq] (4) A. Vibrations

. ) ] ) There is no general understanding of the influence of
with an exponeniB,<1. 7, is the relaxation time andly  phonons on the atomic transport in liquids. Whereas in mon-
<1 accounts for the initial decay of correlations due toatomic alkali melts one finds low-lying collective phonon
phonons and the fast relaxation process. For temperatur@godes that mediate mass transpBrt-the mode-coupling
above T, mode-coupling theory predicts a universal time-theory of the liquid to glass transition does not consider the
temperature superpostion of structural relaxation resulting igjetailed phonon dynamics for its description of atomic trans-
a temperature independent stretching expon@nt Many  port in viscous liquiddEq. (2)]. In particular, dynamics in
glass-forming liquids in contrast exhibit a temperature deard-sphere-like colloidal suspensions that do not exhibit vi-
pendence ofs—in someg is decreasing, in others increas- prations, are in excellent agreement with MCT predictidns.
ing on temperature increase. In most molecular liquids broad phonon distributions

Solutions of the mode-coupling equations for a hard-overlap with the quasielastic signal. The phonon density of
sphere system confirm that the MGA relaxation is well  states exhibits a first maximum usually between 4 and 8
described by a stretched exponential function and . meV3?3 This aggravates the theoretical description of the
becomes a special, long-time solution of mode-couplingelaxational dynamics. Figure 2 displays the vibrational den-
theory:® For the mean relaxation times sity of statesg(w) representing mainly the incoherent con-
tributions of the Ni and Cu atoms of liquid Pd-Ni-Cu-P.
d(w) has been derived from the scattering 18¢qg, w) using
a procedure that assumes pure incoherent scattering and uses
the multiphonon correction as described in Ref. 34.

(ro= [ atF@uIG=rg T8, @

mode-coupling theory predicts that,(T)) is inversely pro- g(w) displays a weak temperature dependence, indicating
portional to the diffusivityD(T) and obeys an asymptotic that anharmonic contributions to the interatomic potential are
scaling law for temperatures above but closd to minor. This is in accordance with an expansion coefficient of
only 4x10 ° K119 which is an order of magnitude
(7q)*LIDx[(T=Ty)/T] 7. (6)  smaller than that of most molecular glass-forming liquids.

With a maximum ing(w) at some 17 meV, vibrations are
Asymptotic expansions of Eq$l) and (3) show that in  fairly well separated from the quasielastic signal that extends
the intermediateB-relaxation regime around a crossover up to several meV. In addition, Pd-Ni-Cu-P does not exhibit
time, t,, and for temperatures close 1@, the asymptotic a “boson peak”™—a maximum irS(q,w) that is found in
form of the correlation function is independent of the de-other glasses usually at a few meV—in theange investi-
tailed structure of the coupling coefficients and exhibits agated. This allows a detailed investigation of the atomic
universal factorization property: transport in liquid Pd-Ni-Cu-P.
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FIG. 2. Density of stateg(w) representing mainly the Ni and
Cu vibrations in liquid PgNi;(C,7Po0. With & maximum at some o5y aion regime(for t>1 ps) using results from fits with a
17 meV (corresponding to some _0.04)pﬂbrat|c_)ns are fairly well stretched exponential function: a time-temperature superposition of
separated from the fast relaxational dynamics around 1 ps. Thgtructural relaxation holds froffiq— 30 K to Tyq+510 K. The line

small expansion coefficient reflects itself in a weak temperature. . 4t \ith Eq.(4) resulting in a stretching exponeBt=0.75
dependence of(). ' T

FIG. 4. Rescaling of the density correlation function in the

B. Structural relaxation was treated as a paramet@;(T) varies weakly around a

The quasielastic signal is best analyzed in the time dO[nean,8=O.75. For the further data analysisia- 0.75 was

main with a removal of the instrumental resolution function.used' : . .

The density correlation functio®(q,t) has been obtained . Structural rel_axat|on de_scrlbed by mode-couplmg _theory
by Fourier transformation of measur&fq, »), division of fjlsplays stretching ano! gume-temperaturg superposition. Us-
the instrumental resolution function, and normalization with!"9 "esults from the fitting procedure with E¢) and a

the value at=0. Between 0 ané=1 ps phonons and a fast Str€tching exponeng=0.75 master curve®(q, (t/74))/fq
process lead to a decreasedifq,t) from 1 towards a pla- ha\{e been constructed for the datr?l in the structural relaxation
teau. Figure 3 displays the long-time decaydofq,t) atq régime above some 1 ps. Figure 4 shows rescaled
—1.05 AL from this plateau towards zero in a semilogarith- © (@, (1/74))/fq atq=1.05 A™*. Over the entire temperature
mic representation. range, which spans 540 K, tide(q, (t/7,))/f fall on a mas-

In contrast to simple metallic liquids, liquid Pd-Ni-Cu-P ter curve: a time-temperature superposition of structural re-
exhibits a structural relaxation that shows stretching in timelaxation holds. We note that the validity of the time-
The lines are fits with the stretched exponential funcfieg.  temperature superposition up to temperatures at which the
(4)]. In a first fitting process the stretching expong@y(T) transport coefficients approach that of simple liqui§ec.

IV C) is in marked contrast to the idea that viscous liquids
exhibit a transition to a liquid with the strecthing expongnt
1.05 A" approaching 1 with temperature increase.

Stretching of self-correlation functions is generally found
to be more pronounced in fragile glass-forming liquids, char-
acterized by a curved temperature dependence of viscosity in
an Arrhenius plof® e.g., the van der Waals liquid orthoter-
phenyl with 8=0.53% In an intermediate system such as
hydrogen-bond-forming glycerol aB=0.6 has been
reported®® The stretching exponent in liquid Pd-Ni-Cu-P
metals compares well to the valug=0.75 found in
covalent-network-forming sodium disilicate méltand indi-
cates that the Pd-Ni-Cu-P alloy might classify as a fairly
o ol strong glass-forming liquid.

1 Time (ps) 10 Figure 5 shows rescaledi(q, (t/7,))/f, at 1073 K forq
P values in the range between 0.75 Aand 1.95 A%, Struc-

FIG. 3. Normalized density correlation functigh(q,t) of lig-  tural relaxation in liquid Pd-Ni-Cu-P can be described with a
uid Pd-Ni-Cu-P at 1.05 A® as obtained by Fourier deconvolution Stretched exponential function andcp and temperature-
of measured(q, w). Structural relaxation causes the final decay of independent stretching exponeg= 0.75+0.02. B, shows a
®(q,t)—0. The lines are fits a stretched exponential functionsmall but systematic decrease with increasing agreement
[Eq. (4)]. with MCT calculations for a hard-sphere syst&hiowever,

1.0

g CRY

B> O e O 6 O0n
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) . . . FIG. 7. Self-diffusion coefficienD of Ni and Cu in liquid
FIG. 5. _Rgscallng of th(=T density correlation fl_Jncth,t) at Pd,Ni;(Cll Py (closed circlesand PdgNiyCusoPy (0pen circles
1073 K. Within the accessiblg range the stretching of the struc- ., Ref. 23 derived from the mean relaxation times. The lines are
tural relaxation is fairlyq independent. The line represents a fits with MCT 7 scaling[Eq. (6)]. The data are well described with
stretched exponential functidieq. (4)] with a stretching exponent  + _ -5+ 30 andy=2.7+0.2. For comparisorf’Co tracer diffu-
B ¢ + .7£0.2.
B=0.75. sion in Pd3Ni;(Cu,/P5o (Ref. 25 and diffusivities calculated from

o . - viscosity 7 of liquid PdyNi;CusoPy (Ref. 21 via the Stokes-
a small variation ofg in the fitting procedure has NoO gingtein relatioEq. (10)] are shown.

significant effect on the resulting mean relaxation times
[Eq.(5)]. extending even above the first structure factor maxinftim.
We note that mixing of hard spheres with different radii
C. Diffusion should enforce this behavior even more. It appears that the
validity of 14 rq>o<q2 also for intermediate values is a sig-
nature of the atomic transport mechanism in dense liquids.
The 142 dependence of the mean relaxation times, also
demonstrates that structural relaxation leads to long range
atomic transport with a diffusivify/

In the hydrodynamic limit forqg— 0 one expects that the
mean relaxation timegr,) are indirect proportional to the
square of the momentum transfgf’ In liquid Pd-Ni-Cu-P
the 142 dependence holds even up to 1.9 &(Fig. 6) while
the first structure factor maximum is @§=2.9 A~ 1. In lig-
uid alkali metals one observes a systematic deviation from a D=((r)q?) L. (9)

q? dependence of the quasielastic line width already at q

values that correspond to 1/10 of their structure factor maxiFigure 7 displays the diffusivies D in liquid

mum . This deviation is explained by low-lying phonon Pd;3Ni;oCu,7P,o as a function of I¥. Values range from 3
modes that mediate atomic transpoit. Mean relaxation +1x10 *'m?s ! at 833 K to 1.4:0.3x10 °m? s ! at
times for self motion in the MCT hard sphere system, in1373 K. At the liquidus diffusion is about 2 orders of mag-
contrast, vary rather well proportionally togf/for q values  nitude slower as compared to simple metallic liquids and
most alloys. Diffusivities in liquid Pd40 show a similar tem-
perature dependence but are larger by some 20%. A smaller
mobility of the atoms appears to come along with the slightly
better glass forming ability of the Pd43 alloy.

The lines in Fig. 7 represent fits with the MGTscaling
law [Eqg. (6)] to the diffusivitiesD(T). Although Eq.(6) is
only valid close toT ., Eq.(6) allows a rough estimate of the
crossover temperatufi, and the exponeny. A fit to D(T)
of liquid Pd43 at temperatures up to 1073 K yieldsTa
=700£30 K and ay=2.7£0.2. The exponeny compares
well to the y=2.62 found in the MCT hard-sphere syst&.
The temperature dependence of the diffusivity in liquid Pd-

[ Ni-Cu-P alloys is different from thé«T" behavior(with

0 =L é —— L n=2) expected for uncorrelated binary collisions of hard
2’ A2 sphere$® and found with inelastic neutron scattering in ex-

g panded liquid alkali metals at high temperattite.

FIG. 6. Mean relaxation timer,) of tagged particle motion in Convection effects are a severe problem in macroscopic

liquid PdyaNiy(Cly7Pa0. 1K 7,) shows ag? dependence as expected diffusjpn measurements in ordinary liquids under gravity
for long range atomic transport fo— 0. The slope corresponds to conditions with respect to the absolute value of the self-
the self diffusion coefficienD(T). diffusivity D and its temperature dependence. A microgravity

0.15

0.10

17{1q) (ps™

0.05
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experiment on liquid Sn showed that well above the melting
point convection even dominates the mass tran$fcrhe
microgravity data in liquid Sn obe«T? for temperatures
betweenT,, and 2T ,,. Liquid Sn exhibits a packing fraction

of =0.4 as in liquid alkali metals. Inelastic neutron scattering
data are not affected by convection because it probes dynam-
ics on significantly shorter times.

Diffusivities from recent °'Co tracer diffusion
measurements in liquid Pd43 are in excellent agreement
with the diffusivities obtained from inelastic neutron scatter-
ing (Fig. 7). This indicates that the mobility of Co is very
similar to the Ni and Cu mobility observed in the incoherent
neutron scattering signal and that convection effects play no

1.95 At

oam

@ (g.t)

0.2h

significant role in the tracer diffusion experiment. The latter 0.1 1 10

is in accordance with a viscosity that is two orders of Time (ps)

magnitude larger as compared to simple metallic nfélts.
In simple liquids shear viscosity and the self-diffusivity

D generally obey the Stokes-Einstein relafiéri®

FIG. 8. Normalized time correlation functioh(q,t) of liquid
Pd,aNi;(Cuy7P,g in the B relaxation regime around 1 ps. The solid
lines represent fits with the MCPB scaling functior{ Eq. (7)] giving

D=k, T/(67an), (10) a temperature and-independent shape paramete+ 0.78+0.04.

Above =1 ps data are well described by a stretched exponential

with reasonable values for the hydrodynamic radiuEqua-  function[Eq. (4), dashed lines
tion (10) even holds in most molecular liquid$.Figure 7
shows the diffusivityD ,, calculated from the viscosity data
of liquid Pd40 (Ref. 21 via Eq. (10) using a=1.15 A,
which represents the Ni hard-sphere radi@i: 1.17 A)
from Ref. 1. The Stokes-Einstein relation holds wih,
=D. We note thata is similar to the mean next-nearest- . :
neighbor distance displayed in the static structure fadtor _[Eq. (D] Forq<1.4 A™* the I|m|t§d _dynam|c range Of the
=2m/go=1.1 A. In multicomponent liquids that exhibit a mst'rument prevents data analysis in the 'fﬁsrelaxatmn
dense packing of hard spheres with comparable hard sphefg9ime. Above 973 K®(q,t) cannot consistently be de-
radii one expects a similar mobility of the different compo- Scribed with the asymptotic scaling la&gs. (7) and (8)].
nents. In Pd-Ni-Cu-P the hard-sphere radii of the differentfhe dynamic range in which Eq7) holds increases with
atoms have values within 20%. Because viscous flow repredecreasing temperature.
sents the dynamics of all components, the validity of The data were fitted in a two-step procedure: starting with
Eq. (10) in liquid Pd-Ni-Cu-P demonstrates that aboUg, an arbitrary line shape parameter fits to individual curves
the mobility of the large and numerous Pd atoms is quitevere used to estimate the scaling factbgs hy, andt,,
similar to the Ni and Cu atonf%. which physically represent the Debye-Waller factor, the am-

In colloidal suspensions the mean relaxation tif&sp) ) plitude of B relaxation, and a characteristic time @frelax-
and the inverse of the diffusivity D(¢) show the same ation. Using these values, tii(q,t) measured at different
dependence as a function of the packing fraction. The slopgemperatures were superimposed onto master curves
for (7(¢)) and 1D(¢) results in ay=2.7." In molecular  [d(q,t/t,)—f,]/h,. After fixing a g-independent meaty,,
dynamics simulatiorlson NiP, in contrast, the asymptotic the fit yielded a temperature- angtindependent\ =0.78
MCT 7 scaling predictior{Eq. (6)] is violated:(7(T)) and  +g o4.

1/_D(T) do not exhibit the same temperature erendence. This result compares well to the hard-sphere value
Figures 7 and 10 demonstrate that in liquid PdANiCuP(Ep. —0.766 of the numerical MCT solutiofl, to the A =0.77

holds quite well. +0.04 found in liquid ZgggTi,Cly sNigoBey s (Ref. 22
_ and it is similar to the values in other viscous liquids®
D. Fast g relaxation A =0.78 defines an exponent of thescaling law{Eq. (6)] of
Within the mode-coupling theory of the liquid to glass y=2.7.28 This is consistent with the temperature dependence
transition, structural relaxation and therefore long rangeof the mean relaxation times that giye=2.7+0.2 (Fig. 7).
mass transport is preceded by a f#@stelaxation process Figure 9 shows amplitude, and time scal¢,, of the fast
whose time scale is typically in the order of a picosecond3 relaxation in liquid Pd-Ni-Cu-P rectified according to Eqg.
For g values well below the structure factor maximum and(8). The temperature dependencehgfandt, is in accor-
incoherent scattering the amplitude of tigerelaxation is  dance with the MCT predictions. Bothy, andt, extrapolate
increasing with increasing. Figure 8 displays the density to T.=720*20 K, which is close to th&.=700x30 K ob-
correlation function of liquid Pd-Ni-Cu-P aj=1.95 A~1. tained via ther scaling law[Eq. (6)]. The relaxational dy-
Between 0 and=0.2 ps phonons lead to a rapid decay ofnamics in liquid PggNi;(Cu,-P,, can consistently be de-
atomic correlationgrepresented by the first data point in scribed with the universal scaling functions of the mode-

®(q,t) in Fig. 8], so thatd(q,t) decreases from 1 towards a
plateau. On approaching this plateau a fast relaxation is
clearly seen inb(q,t) through an additional intensity below
some 1 ps. The lines are fits with the M@ scaling law
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FIG. 9. Mean amplitude(h,) (triangles and time scalet,, 1200 1000 89|_0(K) 600

(circles of fast 8 relaxation in liquid PgyNi,,Cu,,P,, rectified ac-
cording the MCT prediction§Eq. (8)], with an exponena=0.29
defined byA =0.78. The inset shows thggdependence of the am-
plitude h, between 833 K ®) and 953 K (O). Both hy andt,
extrapolate tol .= 720+ 20 K. A and T, obtained from the analysis
of the B relaxation regime are consistent with=700=30 K and
y=2.7+0.2 from the analysis of the meanrelaxation timegEq.

FIG. 10. Mass transport in Pd-Ni-Cu-P melts: At high tempera-
tures diffusivities are similar to diffusivities in liquid Sn and Na
close toT,, (marked by the arrowsTime scales for viscous flow
and Co tracer diffusion start to decouple and Co tracer diffusivities
merge into an Arrhenius-type temperature dependence that extends
down to the glass transition. Both occurs in the vicinity of mode
©)]- coupling T, . The line represents the MC# scaling law withT,
=710 K andy=2.7.

coupling theory of the liquid to glass transition at »
temperatures up te=1.3T, with T.=710 K and\=0.78. temperatures between the glass transition and about 200 K

below T, .* The diffusivities of various tracers exhibit a size
dependence: the smaller the atoms the faster they diffuse and
the smaller the activation enthalpyH. In viscous

Pd,3Ni; (Cu7P,o exhibits an excellent glass-forming abil- Zrye gTig 2CUz sNijoBe,; 5 the diffusivities of the various at-
ity: a cooling rate of only 0.09 K/s is sufficient to avoid oms approach each other with increasing temperature. Be-
crystallization and to form a glag$.Consequently transport cause in this alloy crystallization prevents access to the tem-
coefficients can continuously be measured from the equilibperature range around., one cannot conclude from the
rium liquid down to the conventional glass transition tem-present data whether the diffusivities of the various tracers
peratureTy. Figure 10 displays diffusivities in viscous Pd- merge at the MCTT .
Ni-Cu-P aIons from tracer diffusion measurements, that The isotope effecE=(D,/D,—1)/(ym,/m,—1) (diffu-
cover more than 13 decad®s* derived from the mean re- sivity D and massn of two isotopesa,b) is a measure of the
laxation times and from viscosf'@/21 calculated via Stokes- degree of collectivity of the atomic transport. For diffusion
Einstein[Eq. (10)]. via single jumps in dense packed lattiées generally in the

At 1373 K the diffusivity in liquid Pd-Ni-Cu-P is 1.4 order of unity’® For uncorrelated binary collisions one also
x10° m? s~ 1, which is similar to diffusivities known from expectsE—1. A vanishing isotope effect indicates a collec-
monoatomic liquid metals at their respective melting tem-tive transport mechanism involving a large number of atoms.
perature. For example, close to the melting point inelastidn liquid Sn an isotope effect of about 0.4 has been reported,
neutron scattering reveaB=4.2x10 ° m? s ! in liquid  that is increasing with increasing temperattf®ID simula-
sodiun? and tracer diffusion under microgravity conditions tions on a binary Lennard-Jones liquid demonstrate that
D=2.0x10"° m? s~ ! in liquid tin.*° At high temperatures changes in the density in the order of 20% only result in a
the Stokes-Einstein relation holdBig. 7). On lowering the  continuous increase ifE from 0 to =0.3*" In metallic
temperature diffusion slows down drastically. Time scales foglasse¥ as well as in supercooled ZrgTig CU; Ni;jgBey7 5
viscous flow and Co tracer diffusion start to decouple in the(Ref. 49 and PdyNi;(CuzP,q (Ref. 44 the isotope effect is
vicinity of the mode couplingl.=710 K and differ already close to zero as a result of a highly collective, thermally
by more than 3 orders of magnitude at 600 K. Also aroundactivated hopping process. Measurements of the isotope ef-
T, Co tracer diffusivities merge into an Arrhenius-type tem-fect in PdiaNi;(Cu,7P, (Ref. 25 give E=0.05 in the entire
perature dependen¢® (T) =D, exp(—H/kgT), whereDy is ~ temperature range from the glass transition to the equilib-
a prefactor andH the activation enthalpythat extends down rium liquid.
to the glass transitiof?:** The atomic transport mechanism in dense Pd-Ni-Cu-P re-

The temperature dependence of the transport coefficientmains highly collective even in the equilibrium liquid in con-
in Fig. 10 strongly supports the MCT prediction of a changetrast to the findings in simple metallic liquids. Viscous
in the atomic transport mechanism from viscous flow toPd-Ni-Cu-P exhibits an expansion coefficient of 4
glasslike hopping af .. There are extensive tracer diffusion x10° K~1.2° Between 1373 K and 833 K, the density and
measurements in supercooled&iTis ,CuU; NijgBe,; 5 at  therefore, assuming a temperature independent hard-

E. Atomic transport mechanism
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sphere radius, the packing fraction changes only by abouysare well with Co diffusivities from tracer diffusion mea-
2%. This small increase in the packing fraction causes @urements. Abov&, diffusivities calculated from viscosity
drastic slowing down of dynamics on temperature decreaseia the Stokes-Einstein relation are in excellent agreement
On the other side, dense packing and the resulting collectiveith the diffusivities measured by tracer diffusf@mnd neu-
transport mechanism extend also to high temperatures, wheten scattering. In contrast to simple metallic liquids the
diffusivities are similar to simple metallic liquids. This indi- atomic transport in dense liquid Pd-Ni-Cu-P is characterized
cates that the atomic transport mechanism in liquids is noby a drastic slowing down of dynamics on approaching
controlled by the value of the transport coefficients but ratheand aq~? dependence of the mean relaxation times at inter-
by that of the packing fraction. mediateq as a result of a highly collective transport mecha-
nism in the dense packed liquid. At temperatures as high as
2T, diffusion in liquid Pd-Ni-Cu-P is as fast as in simple
) o ) ) monatomic liquids at their melting points. However, the dif-
Atomic transport in liquid PgiNiy(Cup7P20 has been in-  ference in the underlying atomic transport mechanism indi-
vestigated with inelastic, incoherent neutron scattering. Th@ates that the diffusion mechanism in liquids is not con-

Pd-Ni-Cu-P melt is characterized by a packing fraction ofy.g|ied by the value of the diffusivity but rather by that of the
about 0.52 that is some 20% larger as compared to MOMsacking fraction.

atomic alkali-metal melts. The self-correlation function
shows a two-step decay as known from other nonmetallic
glass-forming liquids: a fast relaxation process precedes
structural relaxation. The structural relaxation exhibits It is a pleasure to thank Winfried Petry and Helmut
stretching with a stretching exponefit=0.75 and a time- Schober for their support, Wolfgang &e, Walter Schirma-
temperature superpostion that holds for temperatures as higiner, and Walter Kob for a critical reading of the manuscript,
as ZI.. The relaxational dynamics can consistently be de-Joachim Wuttke for his ingenious data analysis program, the
scribed within the framework of the mode-coupling theory of Institut Laue-Langevin for the beamtime on IN 6, Stephan
the liquid to glass transition with a temperature- andRoth for his help during the measurement and Helga
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