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Quasielastic neutron scattering has been used to study atomic dynamics in liquid Cu. At small wave numbers
q the intermediate scattering function is dominated by incoherent scattering contributions. From the decay of
the quasielastic signal, self-diffusion coefficients D are obtained on an absolute scale. In a temperature range
from 1370 to 1620 K, D values exhibit an Arrhenius-type temperature dependence and are significantly smaller
than those from previous tracer experiments that are hampered by convective flow.
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Self-diffusion is a fundamental property for an under-
standing of liquid dynamics, nucleation, crystal growth, and
vitrification. Diffusion data serve as a vital input to the mod-
eling of microstructure evolution and are an essential control
to molecular dynamics �MD� simulation results. A common
way to measure self-diffusion coefficients in liquid metals
are capillary techniques using isotopes as tracers. However,
in most cases the influences of convective flow on the evolv-
ing diffusion profile during annealing are not known. A com-
parison to long capillary experiments under microgravity
conditions in space, where gravity driven convective flow is
suppressed, shows that convective contributions indeed in-
fluence the measurement, the more so the larger the tempera-
tures involved.1,2 As a consequence, self diffusion coeffi-
cients are usually overestimated in the range of a few 10% to
100% and even their temperature dependence may exhibit
systematic deviations from the actual one without convec-
tion. Therefore, accurate experimental self diffusion data in
liquid metals are rare.

Recently, the field of liquid diffusion experiments ad-
vanced through the use of quasielastic neutron scattering
�QNS� for accurate measurements of self-diffusion coeffi-
cients in metallic liquids. QNS probes the dynamics of a
liquid on atomic length scales and on a picosecond time
scale; short enough to be undisturbed by the presence of
convective flow. In the case of an incoherent scattering con-
tribution, e.g., from a liquid containing Ni, Ti, or Cu the
quasielastic signal at small q is dominated by the incoherent
contributions. From the resulting incoherent intermediate
scattering function the self diffusion coefficient can be ob-
tained on an absolute scale.3 This was also experimentally
checked for a viscous Pd-Ni-Cu-P alloy via a comparison of
QNS data to results of a long-capillary �LC� diffusion experi-
ment under microgravity conditions.4 In combination with
containerless processing via electromagnetic levitation, QNS
gives even access to the measurement of self diffusion coef-
ficients in chemically reactive metallic liquids at high tem-
peratures. Through the absence of a container wall that en-
hances heterogeneous nucleation, dynamics can even be
measured in the undercooled state, several 100 K below the
melting point.5–7

Liquid copper has evolved as a simple model system
in computer simulations to study atomic transport
properties,8–11 nucleation, melting, and crystal growth,12,13 as
well as relations of melt structure and self-diffusion.14,15 Be-
side static liquid structure factors, experimental atomic dif-

fusion coefficients serve as a benchmark for the quality of
simulations with effective model potentials as well as for ab
initio simulations.16,17 As has been recently shown for liquid
Ti, the model potential of the embedded atom type can even
be significantly improved by a calibration to the self diffu-
sion coefficients measured by QNS.18 As a consequence of
this procedure, density, thermal expansion, and melting tem-
perature from molecular dynamics simulation now compare
well to experimental data, nearly on a quantitative level. In-
terestingly, crystal growth velocities are not affected by the
calibration.

Here, the results of QNS on liquid Cu are presented that
have been obtained over a wide temperature range above the
melting point. Experimental errors for the resulting self dif-
fusion coefficients are well below 5%. Diffusion in liquid Cu
was investigated before in a LC radiotracer experiment by
Henderson and Yang.19 Their values serve as a reference20

for computer simulations. The QNS data are also compared
to the previous radio tracer values in order to check for pos-
sible systematic errors in the LC data set. Liquid Cu was
measured at the neutron time of flight spectrometer ToFToF21

at the Heinz Maier-Leibnitz neutron source �FRM II� of the
Technische Universität München. The setup with a wave-
length of the incident neutrons of �=7 Å gives an accessible
wave-number range q of about 0.4 to 1.6 A−1 at zero energy
transfer at an instrumental energy resolution of about
50 �eV full width at half maximum.

In Cu the neutron scattering cross sections are 0.55 barn
for incoherent and 8.0 barn for coherent scattering.22 At q
values well below the structure factor maximum at
�2.9 A−1, the sum of all coherent contributions is small and
comprises of a Brillouin doublet and of a Rayleigh line.23

The Brillouin lines are outside the dynamic range of the
time-of-flight spectrometer ToFToF and therefore, do not
contribute to the measured signal. The central Rayleigh line
has a Lorentzian shape with a line width that is given by the
thermal diffusivity. As compared to the self diffusion coeffi-
cient, the thermal diffusivity is about 4 orders of magnitude
larger24 and coherent contributions from the Rayleigh line
appear as a flat background in the signal. Therefore, despite
of the large difference in the scattering cross sections, in
liquid Cu the quasielastic signal at low q is dominated by
incoherent contributions.

For the neutron time-of-flight experiment a thin-walled
Al2O3 container was used that provides a hollow cylindrical
sample geometry with 22 mm in diameter, 40 mm in height
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and a 2 mm wall thickness. For the chosen sample geometry
and wavelength of the incoming neutrons, the sample scat-
ters less than 3%. Effects of multiple scattering, which would
alter the data especially at small q cannot be detected. The
sample holder was filled with pure Cu foils with a total mass
of 18.6 g and annealed in a Nb electrical resistance furnace
that provides a temperature stability of better than 0.5 K
along the sample.

Measurements were done at temperatures above the melt-
ing point of Cu at 1358 K in a range from 1370 to 1620 K in
steps of 50 K for 90 min each. A measurement at 295 K
serves as the instrumental energy resolution function of the
spectrometer. Measured time of flight spectra were normal-
ized to a vanadium standard, corrected for self-absorption
and empty container scattering, and interpolated to constant
wave numbers q. Fourier transformation, deconvolution of
the instrumental resolution function, and normalization with
the value at t=0 gave the incoherent intermediate scattering
function S�q , t�.

Spectra are shown in Fig. 1. The final decay of the inco-
herent intermediate scattering function to zero behaves as
expected from predictions of hydrodynamics.23 The quasi-
elastic signal exhibits an exponential decay and the relax-
ation time � follows a 1 /q2 dependence. All quasielastic
spectra are well described by an exponential function:

F�q,t� = fq exp�− �t/�q�� , �1�

where fq accounts for atomic vibrations and �q is the relax-
ation time of the structural relaxation.

Best fits of F�q , t� to experimental S�q , t� are shown in
Fig. 1. For q values below �1.2 A−1 the inverse of the re-
laxation time exhibits a q2 dependence and the self diffusion
coefficient D of liquid copper can be calculated via D
=1 / ��qq2� �Fig. 1, inset� on an absolute scale.3,23 For q val-
ues larger than �1.2 A−1 small but systematic deviations
from the q2 dependence emerge. This is in part, because of
deviations from hydrodynamic behavior and in part, because
of coherent contributions to the scattering signal that become
increasingly important. Similar observations are made for
QNS results on liquid nickel5 and on liquid titanium.6

Figure 2 shows the resulting QNS Cu self diffusion coef-
ficients as a function of temperature. Values range from
�3.35�0.05��10−9 m2 s−1 at 1370 K to �5.2�0.1�
�10−9 m2 s−1 at 1620 K �Table I�. The temperature depen-
dence D is best described with an Arrhenius behavior,

D = D0 exp�− EA/kBT� , �2�

with a prefactor D0 and an activation energy EA. A best fit
gives EA= �337�5� meV per atom and a D0= �58.7�3�
�10−9 m2 s−1. As compared to liquid Cu, in liquid nickel
the activation energy with a value of EA= �470�30� meV
and the prefactor with a value of D0= �77�8�
�10−9 m2 s−1 are larger.5 Notably, at the respective melting
temperature the self-diffusion coefficients of Cu �3.27�4�
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FIG. 1. Intermediate scattering functions S�q , t� in liquid Cu at
different wave numbers and temperatures. Solid lines are fits with
an exponential function �Eq. �1��. Resulting relaxation times � are
rescaled according to Dq=1 / ��q2� �inset�.
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FIG. 2. Diffusion coefficients from quasielastic neutron scatter-
ing �filled circles� as a function of temperature. The line represents
an Arrhenius function �Eq. �2��. Values from a long capillary ex-
periment �Ref. 19� are significantly larger �open circles�.

TABLE I. Cu self-diffusion coefficients measured by quasielas-
tic neutron scattering �Tm�Cu�=1358 K�.

T
�K�

D
�10−9 m2 s−1�

1370�2 3.35�0.05

1420�2 3.70�0.06

1470�2 4.10�0.08

1520�2 4.50�0.07

1570�2 4.85�0.10

1620�2 5.2�0.1
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�10−9 m2s−1� and Ni �3.28�7��10−9 m2s−1� are equal
within error bars.

The original data set of Cu self-diffusion coefficients in
liquid Cu, measured by Henderson and Yang, is also shown
in Fig. 2. Although Henderson and Yang performed several
diffusion runs at the same temperature and varied the capil-
lary diameter, in order to check for convective effects, the
resulting coefficients of different diffusion runs exhibit a
relatively large scatter and values are significantly above the
QNS values. Their long capillary data also indicate an acti-
vation energy that is about 25% larger than for the QNS
results. This is in line with findings in liquid Sn,1 where
gravity-driven convective flow enhances the diffusion pro-
cess. This effect becomes more pronounced with increasing
temperature. Unfortunately, in the text book by Iida and
Guthrie that serves as the reference for Cu self diffusion in
liquid copper, only an activation energy and a prefactor are
reported, and this even without a hint concerning the large
error bars.

On liquid Cu ab initio MD simulations have been per-
formed that apply different approaches in the framework of

density functional theory.16,17 Both simulations were done at
1500 K. Resulting self diffusion coefficients differ by a fac-
tor of 2. Whereas Pasquarello et al. reported a value of
�2.8�0.2��10−9 m2 s−1, Kresse and Hafner gave a value of
�5.6�0.4��10−9 m2 s−1. The experimental QNS value at
1500 K is �4.33�0.06��10−9 m2 s−1. Also diffusion coeffi-
cients reported in classical MD simulations exhibit a scatter
of about �50% around the experimental values. This shows,
that albeit MD simulation �classical or ab initio� is a tool to
reveal microscopic mechanisms, e.g., of mass transport,
nucleation, or vitrification, it is in general not applicable to
determine absolute values of materials properties. On the
other hand, accurate values of liquid diffusion coefficients
from experiments can serve as a benchmark for the improve-
ment of model potentials.18
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