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Slow Motion in a Metallic Liquid
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Liquid Zr46.8Ti8.2Cu7.5Ni10Be27.5 has been studied by quasielastic neutron scattering. The microsc
dynamics of this bulk glass forming alloy deviates qualitatively from simple metallic liquids; it sho
two-step structural relaxation like other liquids in their supercooled state. Unexpectedly for a nonfr
system, fastb relaxation is in full accord with the mode-coupling theory of the liquid to glass transitio
The long-timea relaxation suggests failure of the Stokes-Einstein relation. [S0031-9007(98)0611

PACS numbers: 61.25.Mv, 61.12.–q, 64.70.Pf, 66.10.–x
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Novel multicomponent Zr-based alloys like
Zr46.8Ti8.2Cu7.5Ni10Be27.5 (vitralloy V4) can be eas-
ily quenched into an amorphous solid. Cooling rate
as low as 10 Kymin allow for the production of bulk
metallic glass [1]. The stability against crystallization
seems basically due to a deeply eutectic compositio
sTsol  905 K, Tliq  1050 Kd, and comes along with a
surprisingly high viscositysh . 100 Pd at the liquidus
temperature [2], 4–5 orders of magnitude larger than
simple metallic liquids. As a consequence, molecula
motion in the liquid state cannot be described by th
concepts developed and tested in much detail, e.g., f
alkali melts [3]. Instead, we will show that the micro-
scopic dynamics of V4 at and aboveTliq bears strong
resemblance to the behavior of certain molecular or ion
liquids in their supercooled state.

We investigate the fast dynamics by inelastic neutro
scattering using a cold neutron time-of-flight spectrome
ter (IN6 of the ILL, Grenoble). With an incoming wave-
length of4.1 Å, an energy resolution ofdE  170 meV
(FWHM) can be reached; the accessible wave-numb
range (at zero energy transfer) extends then fromq  0.4
to 2.4 Å21. At one temperature (1065 K), additional
spectra were measured withl  5.1 Å, yielding an even
higher resolutiondE  97 meV over a reduced wave-
number rangeq  0.3 2.0 Å21.

V4 was alloyed by arc melting under argon atmosphe
and sealed in a SiC container giving a flat plate with
sample thickness of 1.5 mm. Spectra of the equilibrium
liquid were taken at four temperatures between 106
and 1200 K; consistent results are also obtained from
1020 K scan although a 5% crystalline fraction appea
in the elastic structure factor. A measurement in th
fully crystalline state at 870 K gave the instrumenta
resolution profile. For comparison, spectra of the glas
at 293 K are also available [4]. After normalization
to a vanadium standard, correction for self-absorptio
and container scattering, and interpolation to consta
wave numbersq, we obtained the scattering lawSsq, vd
(Fig. 1).
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By formally summing the scattering cross sections
the individual elements, one finds that V4 is a 90%
coherent scatterer. However, with the large waveleng
required for high energy resolution, the structure fact
maximum atq0  2.7 Å21 is out of reach. Our spectra
are likely to be dominated by incoherent contribution
which is supported by the wave-number dependence
the elastic structure factorSsq, v  0d [Fig. 1(a)]. The
scattering lengths of all five components are roughly
the same magnitude so that no element is especia
emphasized in the total cross section.

With a width G of a few 10 meV at q  2 Å21

[Fig. 1(b)], the quasielastic line is about 2 orders of ma
nitude narrower than in simple liquids at the meltin
point—but at least 2 orders wider than expected from v
cosity [5]. This expectation is based on relating linewid
and viscosity through the diffusivityD. The Stokes-
Einstein relationD  kTy6phr with a hydrodynamic ra-
dius of the orderr . 1 Å suggests that the diffusivity of
any component of our alloy is smaller than10212 m2 s21.
For smallq the incoherent scattering law will be a sum
of quasielastic lines with widthsG  Dh̄q2. Even out-
side the hydrodynamic limit, we still observeG ~ q2 [6].
This allows us to read off an average diffusivity. AtTliq

we obtainD . 10210 m2 s21: all components of our alloy
are highly mobile; the friction they experience is about
orders weaker than the macroscopic viscosity. This is
marked contrast to simple as well as to molecular liqui
where the Stokes-Einstein relation holds with reasona
values ofr [3,7]. The Stokes-Einstein relation fails also
with respect to the temperature dependence: On hea
from 1020 to 1200 K, the interpolated viscosity [8] de
creases by a factor of 8, whileG increases by only a factor
of 4.

Failure of the Stokes-Einstein relation has been r
ported previously for the metastable melt: Measure
diffusivities of Be [9] or Al [10] do not follow the
temperature dependence of viscosity [11]. Close to t
glass transition, such decoupling is unsurprising a
known from many other supercooled liquids [12]. O
© 1998 The American Physical Society
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FIG. 1. Scattering lawSsq, vd of Zr46.8Ti8.2Cu7.5Ni10Be27.5
(V4) as measured on the time-of-flight spectrometer IN
(a) Elastic structure factorSsq, v  0d in the liquid and
crystalline state. (b) Quasielastic part of the spectra. T
crystalline sample yields the instrumental resolution. Fro
a broadening in the order of10 meV we estimate a diffu-
sivity of 10210 m2 s21 at Tliq, 2 orders of magnitude larger
than expected from the Stokes-Einstein relation. (c) Inela
tic spectra of the glassy, crystalline, and liquid sample, plo
ted as temperature reduced structure factorSr sq, v; T , T0d 
Ssq, vdnsv, T0dynsv, T d with arbitraryT0  1100 K. At high
energies, all data coincide. The boson peak around,6 meV,
characteristic of the glass, persists in the liquid phase.

heating towards the normal liquid state, howeve
quasielastic linewidths or directly measured diffusio
constants of ionic [13], molecular [14], or even polymer
[15] liquids become consistent with the Stokes-Einste
relation. Although V4 is a more complicated multi
component liquid, a deviation by 2 orders of magnitud
remains surprising.

Resuming the data analysis, we note that the wi
of the quasielastic line extends up to meV energies.
Fig. 1(c), it is compared to the inelastic spectra of cry
tal and glass; the measuredSsq, vd are rescaled in inten-
sity by the Bose occupationnsv, T d  fexpsh̄vykBTd 2

1g21 expected for harmonic vibrations in lowest-orde
mass expansion [16]. The maximum inSsq, vd, com-
monly denoted the “boson peak,” is situated at 6 me
considerably higher than in most other model glasses [1
This makes V4 particularly suited for the study of relax
ational dynamics, since the quasielastic scattering
6.
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pears comparatively well separated from the vibration
spectrum.

Above 10 meV, all data coincide: the high-lying mode
in which near neighbors oscillate against each other
sensitive neither to the presence or absence of lo
range crystalline order nor to the onset of liquidlike long
time dynamics. Previous scattering experiments on
and related alloys up to the metastable melt had alrea
discovered astonishing harmonicity [4,18], in marke
contrast to the behavior of simple metals.

These results suggest that harmonic theory is even
right starting point for the description of microscopic dy
namics in the viscous liquid. Such a view is indeed tak
by mode-coupling theory (MCT) which tries to explai
the long-time evolution of density correlations startin
from oscillatory short-time behavior. Available formu
lations of MCT differ in the manner they approximat
memory effects. The MCT’s developed for simple liq
uids near the melting point [3] cannot account for th
shape of our quasielastic signal. Instead, we refer to
self-consistent variant of MCT originally invented [19] fo
the description of ergodicity breaking in the glass tran
tion which in recent years [20] has been found to correc
describe fast dynamics and structural relaxation in vario
viscous liquids [21–24]. Molecular dynamics simulation
of Ni0.5Zr0.5 suggest that it might also apply to certain a
loys [25].

In order to analyze spectral line shapes in terms
MCT, we symmetrize measured spectraSsq, vd with the
detailed-balance factor exps2h̄vy2kBT d, Fourier trans-
form them, and divide by the Fourier transform of th
instrumental resolution. Normalization to thet  0 value
yields the time correlation functionFsq, td from t . 0.1
up to 4 psec (8 psec for5.1 Å spectra). The information
density in the short-time regime is basically restricted
the Nyquist theorem: Phononic excitations are better a
lyzed in terms of the measuredSsq, vd, without passing
through Fourier deconvolution. However, removal of th
resolution function is essential for a quantitative analys
of dynamics in the psec regime.

In semilogarithmic representation (Fig. 2) one reco
nizes a two-step decay: Between 0 and some 0.1 ps
the broad distribution of vibrations leads to a rapid d
phasing of neighboring atoms, so thatFsq, td falls from
1 towards an intermediate valuefq. On approachingfq

retardation sets in, beforeFsq, td decays towards zero in
the much slower process ofa relaxation. For the psec
dynamics aroundfq, labeled the fastb-relaxation regime,
MCT makes its most prominent prediction: Asymptot
cally, any correlation function is expected to follow

Fsq, td  fq 1 hqglstytsd . (1)

The scaling functionglst̃d which is fully defined by just
one shape parameterl can be computed using tabulate
expansion coefficients [26].
4455
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FIG. 2. Normalized time correlation functionFsq, td obtained
by Fourier deconvolution of measuredSsq, vd. Solid lines are
fits with the b-relaxation scaling function of mode-coupling
theory (1) withl  0.77. The broken line in (b) shows that the
long-time asymptote can be described by a Kohlrausch functi
(3) with a stretching exponentb . 0.8.

The data were fitted in an iterative procedure: Startin
with an arbitraryl, fits to individual curves were used
to estimate the scaling factorsfq, hq, and ts which
physically represent the amplitude ofa relaxation, the
amplitude of b relaxation, and a characteristic time
of b relaxation. Using these values, theFsq, t; T d
measured at different temperatures were superimpo
onto master curvesfFsq, tyts d 2 fqgyhq. After fixing
a q-independent averagets, a global fit yielded an
improved value ofl. After few iterations, we consistently
obtainedl  0.77 6 0.04. This result is very close to
the hard spheres value 0.766 [27], and of the same or
as the experimental finding in most other liquids.

The resultinga-relaxation amplitudefq varies only
weakly with temperature. In contrast, amplitude and tim
scale ofb relaxation strongly reflect the slowing down
of microscopic dynamics on cooling. In Fig. 3 both
parameters are found to follow accurately mode-couplin
predictions

ts ~ sT 2 Tcd21y2a and hq ~ sT 2 Tcd1y2, (2)

where the exponenta  0.295 is fully determined byl.
Within mode coupling,Tc is the temperature around which
4456
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liquidlike motion freezes and activated hopping becom
the dominant transport mechanism [28]. From extrapo
tion into the experimentally inaccessible metastable liqu
below Tliq, we obtain consistent estimatesTc . 875 6

6 K, about 50% above the conventional glass transiti
temperatureTg  592 K determined from viscosity [2].

Previously, we had searched for the mode-coupli
crossover at far lower temperatures in the metastable m
up to the crystallization temperature. An anomalous d
crease of the Debye-Waller and Lamb-Mössbauer fa
tors indicated the onset ofb relaxation, and suggested
mode-coupling crossover at aTc somewhere above 700 K
[4,18]. These conclusions are confirmed by the pres
direct observation ofb relaxation.

For times t ¿ ts, Eq. (1) takes the asymptotic form
Fsq, td 2 fq ~ t2b with an exponentb , 1 given by
l. Such fractal time dependence is consistent [29] w
Kohlrausch’s stretched exponential

Fsq, td ~ expf2stytqdbg . (3)

From t . 1 psec up to the longest accessible time
Eq. (3) correctly describes the final decay of correlatio
towards zero (Fig. 2). The stretching exponent isb 
0.8 6 0.1.

In conclusion, the microscopic dynamics of liqui
Zr46.8Ti8.2Cu7.5Ni10Be27.5 deviates in many aspects from
the established behavior of simple liquids. The trad
tional description of quasielastic scattering in terms of o
or several Lorentzians is totally inadequate. We obse

FIG. 3. Amplitudehq s±d and time scalets s≤d of b relax-
ation in liquid V4, rectified according to the mode-couplin
prediction (2), with an exponenta  0.295 obtained from
l  0.77. Since thehq showed no significantq dependence,
they were averaged over the wave-number range 1.2–2.4 Å21.
Both khl andts extrapolate consistently to a crossover temper
ture Tc  875 6 6 K. Inset: Characteristic temperatures of
melt-spun V4 ribbon as seen by differential scanning calorim
try with a heating rate of40 Kymin. Previous scattering ex-
periments had searched for the onset of fastb relaxation in the
metastable melt up to the crystallization temperatureTk [4,18].
In the present study, we succeeded in keeping the corros
alloy for hours aboveTliq without detectable traces of crystal
lization or reaction with the sample holder.
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a two-step process which cannot be accounted for by
simple superposition of vibrational and relaxational mo
tion. Instead, as in several other glass forming system
the fast dynamics is in full accord with the MCT of struc
tural relaxation; in particular, this theory accounts in a
detail for the intermediate regime (1).

It has been conjectured [17] that MCT works be
in fragile liquids. Characterized by a particularly shar
temperature dependence of viscosity, fragile glass form
usually have no directional bonds [12]. In fact, the be
agreement with MCT has so far been reported in ion
[21], molecular [22,23], and colloidal [24] systems. In
intermediate systems like glycerol [30] or NaPO3 ? LiPO3

[31], the short-time limit of (1) is partly covered by
vibrational excitations, and in a nonfragile (“strong”
network like B2O3 only remnants of MCT asymptotics
were found [32]. This correlation is broken by th
present study. Viscosity measurements [2,11] rank V4
a relatively strong liquid, with a fragility between glycero
and B2O3. A high Zr content suggests an importan
role of covalent directional bonds [33]. Nevertheless, th
scaling laws (1) and (2) hold as well as in any neutro
scattering experiment on fragile glass formers: The fa
dynamics of Zr46.8Ti8.2Cu7.5Ni10Be27.5 is in full accord
with mode-coupling theory.
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