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Short-range order and atomic diffusion in liquid Ge and Si20Ge80

investigated by neutron scattering and x-ray diffraction
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We studied structure and dynamics in liquid Ge and Si20Ge80. Quasielastic neutron scattering (QNS) was
employed to accurately determine the Ge self-diffusion coefficient. Static structure factors were measured using
neutron and x-ray diffraction. Containerless processing via electromagnetic levitation (EML) enabled to obtain
structure factors over a broad temperature range from the metastable regime of the undercooled melt to several
hundred Kelvin above the melting point. Moreover, isotopic substitution and combination with x-ray diffraction
allowed to determine the partial structure factors SNN(q), SNC(q), SGeGe(q), and SGeSi(q) for liquid Si20Ge80. The
topological structures of liquid Ge and Si20Ge80 are very similar. In addition, the Ge self-diffusion coefficients
in liquid Ge and Si20Ge80 are equal within error limits.
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I. INTRODUCTION

Studies of the structure-dynamics relationship in metallic
melts are essential to understand how the dynamical behavior
of the constituents is controlled by structural differences on
the atomic scale [1–5].

If the full set of partial structure factors is available for an
alloy melt, the mode coupling theory (MCT) [6] of the glass
transition is able to establish a firm relationship between the
atomic structure and the atomic dynamics in the melt. While
there are usually some deviations of the absolute values of the
self-diffusion coefficients predicted by MCT, MCT has proven
to be successful in describing relative changes of the dy-
namic properties. For instance, for Zr-Ni [5,7] and Hf-Ni [5,8]
melts, the coupling/decoupling behavior of the self-diffusion
coefficients of the different atomic species as well as the
temperature dependence of the self-diffusion coefficients is
well described by MCT taking the experimentally determined
partial structure factors as an input.

So far, the relationship between the short-range structure
and the atomic dynamics in liquid alloys has mainly been
studied for systems consisting of metal atoms as the main
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component like Zr-Ni [5,7,9], Zr-Cu [10,11], Hf-Ni [5,8], Al-
Ni [12], Ni-B [13], or Fe-C [14]. These are all densely packed
melts characterized by predominantly metallic bonding.

In this work, we address melts of pure germanium (Ge) and
of silicon-germanium (Si-Ge) alloys that are semiconducting
in the solid state, showing a diamond-like structure where
atoms are covalently bound with a coordination number of
four. Upon melting Ge and Si-Ge undergo a semiconductor to
metal transition. In the liquid state, the electrical conductivi-
ties are comparable to many liquid metals [15,16]. However,
static structure factors reported for liquid Ge [17,18] exhibit a
shoulder on the first diffraction maximum, a feature not visible
in static structure factors of typical metallic liquids [19]. The
coordination number of 5.6 derived from static structure fac-
tors in Ref. [18] lies significantly below coordination numbers
in densely packed metallic liquids, with typical coordination
numbers of about 12 or higher [5,19]. Moreover, the total
static structure factors for Si-Ge alloys reported based on
x-ray diffraction [20] and neutron diffraction [21] confirm the
existence of a shoulder over the entire concentration range.
Hence, the atomic arrangement in liquid Ge and Si-Ge is
expected to be very different from that in densely packed
metallic liquids.

Along with these differences in static structure, the atomic
dynamics in liquid Ge and Si-Ge alloys are also expected to
differ from those in densely packed metals. Ge self-diffusion
coefficients in pure liquid Ge [22,23] and Ni self-diffusion in
Si based Si-Ni alloys [24] as well as in Ge66.7Ni33.3 alloys
[13] determined by quasielastic neutron scattering (QNS) are
significantly higher at same temperature than diffusion coeffi-
cients in pure liquid metals (see Refs. [14,25,26] for liquid Cu,
Ni and Fe) or densely packed metallic alloys like Zr-Ni(-Al)
[5,9,27], Zr-Cu [10,11], Hf-Ni [5,8], Al-Ni [12], Ni-B [13],
Fe-C [14], Pd43Ni10Cu27P20 [28], or Zr-Ti-Cu-Ni-Be [29].
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Numerous models were proposed to explain the relation of
structure and dynamics in liquid Ge and Si-Ge. In Ref. [30],
the static structure factor of liquid Ge is explained by a cluster-
based approach in which tetrahedral clusters are assumed to
prevail in the liquid. While the first principle peak in the
structure factor is governed by the intercluster distances, the
high-q part of the structure factor including the shoulder is
dominated by the intracluster correlations. Hosokawa et al.
[31] reported that the half width of the central lines of the
dynamic structure factor shows significant narrowing at the
position of the first maximum, supposedly representing slowly
moving clusters, while there is considerably broadening near
the shoulder, supposedly representing fast moving individual
atoms. A deviation from an Arrhenius-like temperature depen-
dence of the Ge self-diffusion coefficients in pure Ge reported
in Ref. [32] is suggested to arise from the transition of a
liquid containing tetrahedral clusters at lower temperatures
to a more densely packed liquid at higher temperatures. Ab
intio molecular dynamics (MD) simulations [33], on the other
hand, revealed a broad distribution of coordination numbers
between 3 and 8 close to the melting point, accompanied by a
flat bond angle distribution with only a very flat maximum
close to the tetrahedral bond angle. A similar bond angle
distribution was reported in Ref. [34] at T = 1250 K. However
at T = 2000 K, the bond angle distribution changed to one
representing a more closely packed liquid, with no shoulder
on the first diffraction peak of the static structure factor.

In the following, we address the structure dynamics rela-
tion in liquid Ge and Si20Ge80 based on results from neutron
scattering and x-ray diffraction. Diffusion coefficients and
static structure factors covering a broad temperature range
above and below the melting point will be discussed. From
an experimental point view, diffusion coefficients in liquid
metals and semiconductors are commonly measured using
the long capillary technique or its variants [35,36]. Here, a
capillary with a typical diameter in the mm range is filled with
a solid diffusion couple. Heated to the target temperature the
liquid sample is annealed followed by cooling accompanied
by solidification. Subsequently the resulting concentration
profile is analyzed. However, buoyancy driven convective flow
is expected to severely contribute to the mass transport in
liquids. Errors in diffusion coefficients in the 100% range may
be caused [37]. Additional systematic errors in capillary ex-
periments result from segregation during melting, Marangoni
convection caused by free surfaces and microstructure evolu-
tion during solidification [38].

Quasielastic neutron scattering (QNS) emerged as a com-
plementary method to measure self-diffusion coefficients.
Liquid dynamics is probed on a picosecond time - and on
atomic length scale, thus leaving results unaffected by con-
vection. Self-diffusion coefficients with errors below 10% are
reported (see Refs. [26,26,39] for liquid Al, Cu, and Ni). In the
following we will present measurements of Ge self-diffusion
coefficients in liquid Si20Ge80 using QNS. We show that the
Ge self-diffusion coefficients in liquid Ge and Si20Ge80 are
equal within error limits.

Static structure factors in liquid metals have frequently
been measured using both neutron and x-ray scattering [40].
In isotropic, monoatomic liquids one single structure factor
completely describes the static structure. However, in bi-

nary liquids three partial structure factors are needed to fully
describe the static structure. Combining neutron diffraction
with isotopic substitution and x-ray diffraction we were able
to determine good approximations of some of these partial
structure factors for liquid Si20Ge80, the Bathia-Thornton
partial structure factors SNN(q) and SNC(q) as well as the
Faber-Ziman partial structure factors SGeGe(q) and SGeSi(q).
Moreover, containerless processing via electromagnetic levi-
tation (EML) enabled to measure structure factors for liquid
Ge over a broad temperature range even in the metastable
regime of the undercooled melt. Our results show that the
topological structure in liquid Ge and Si20Ge80 is very similar.

II. EXPERIMENTAL DETAILS

The samples used for the neutron scattering and x-ray
diffraction studies were prepared from high purity natGe
purchased from PPM Pure Metals GmbH, natSi (99.999%)
purchased from Alfa Aesar, and 73Ge Ge-isotope with a
99.40% isotope enrichment and metal impurities in the ppm
range, purchased from STB Isotope Germany GmbH.

Samples with a mass of approximately 0.8 g were pre-
pared for the experiments. Ge samples were cut from the Ge
ingot. Si20Ge80 samples were alloyed by arc melting of the
respective constituents under a high-purity argon atmosphere.
With the exception of the QNS studies, all experiments were
performed using electromagnetic levitation (EML) [41] under
a high-purity atmosphere consisting of a mixture of helium
and argon gas of 99.9999% purity.

Ge and Si20Ge80 are semiconductors in the solid state.
At room temperature, the electrical conductivity is insuf-
ficient for the samples to couple to the electromagnetic
field. Therefore a preheater was used to increase the elec-
trical conductivity sufficiently for the samples to levitate, as
described in Ref. [42]. Containerless processing under high-
purity conditions enables to investigate the liquids over a
broad temperature range even in the metastable regime of
the undercooled melt by avoiding heterogeneous nucleation
at container walls or impurity sites.

III. QUASIELASTIC NEUTRON SCATTERING STUDIES
ON LIQUID Si20Ge80

The atomic dynamics in liquid Si20Ge80 were measured on
the neutron time of flight spectrometer ToFToF at the FRM
II in Garching, Germany. Si20Ge80 samples containing either
natGe or a 1:1 mixture of natGe and 73Ge were used. The
ratio of incoherent to coherent scattering cross section is one
order of magnitude higher for the isotope mixture with 0.22
than for natGe with 0.02. The measurements were performed
in thin-walled Al2O3 containers inside the standard niobium
resistance furnace of the FRM II in a temperature range of
1430 to 1693 K. An incoming neutron wavelength of 7 Å was
chosen providing an accessible wavenumber range of 0.3 to
2.0 Å−1 with an energy resolution of approximately 50 μeV
full width at half maximum.

Ge self-diffusion coefficients in liquid Si20Ge80 were mea-
sured using QNS in a temperature range of approximately
30 to 300 K above the liquidus temperature. The measured
time of flight spectra were normalized to a vanadium standard,
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FIG. 1. Dynamic structure factor S(q, ω) of liquid Ge [22,23]
and Si20Ge80 at a wave number of 0.4 Å−1. The lines are fits with
a Lorentzian function (1) convolved with the energy resolution func-
tion. The inset shows the q-dependent half width �1/2 obtained from
the fits to S(q, ω) as a function of q2. The slope is proportional to the
Ge-self diffusion coefficient.

corrected for self-absorption and empty container scattering,
and interpolated to constant wave numbers q to obtain the
dynamic structure factor S(q, ω).

In Fig. 1, the measured S(q, ω) is depicted at a wave num-
ber of 0.4 Å−1. For comparison S(q, ω) obtained for liquid
Ge is also shown, taken from Refs. [22,23]. All spectra can be
well described by Lorentzian functions:

S(q, ω) = A

π

�(q)q2

(2h̄ω2) + (�(q))2
⊗ R(q, ω) + b(q), (1)

convolved with the energy resolution function R(q, ω). Here,
b(q) denotes an energy independent background and �(q) the
half width at half maximum of the Lorentzian curve. The
shapes of the QNS spectra of liquid Ge and Si20Ge80 are very
similar.

Generally, in neutron scattering the scattering signal is
proportional to the sum of the coherent and the incoherent
part of the dynamic structure factor S(q, ω). For small q
and within the observed energy range, the QNS spectra are
dominated by the incoherent part of the scattering signal (see
Refs. [23,25] for details). natGe exhibits an incoherent neutron
scattering cross section σinc of 0.18 barn, the 73/natGe mixture
σinc = 1.2 barn, and Si σinc = 0.004 barn. For additive inco-
herent scattering contributions, our spectra are dominated by
Ge correlations and the Ge self-diffusion coefficients can be
derived via [43]

Ds = �(q)

2h̄q2
. (2)

In Fig. 2, Ge self-diffusion coefficients in liquid Ge80Si20

are depicted as obtained for samples containing natGe and the
nat/73Ge isotope mixture. Within the error limits the diffusion
coefficients are similar, indicating that Ge self-correlations
indeed dominate our spectra in case Ge and Si exhibit dif-
ferent mobilities. The Ge self-diffusion coefficients for pure
liquid Ge [22,23] are also depicted. In Table I the measured
diffusion coefficients are listed. As can be seen, the Ge self-
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FIG. 2. Ge self-diffusion coefficient in liquid Si20Ge80 and liquid
Ge [22,23] as a function of the inverse temperature, measured using
QNS on Si20

natGe80 and Si20
nat/73Ge80 samples. natGe exhibits an

incoherent neutron scattering cross section σinc of 0.18 barn, nat/73Ge
exhibits σinc = 1.22 barn. The Ge self-diffusion coefficients are equal
within error limits, even for samples of identical chemical composi-
tion exhibiting different incoherent neutron scattering cross sections.
The line represents a fit with an Arrhenius law. For comparison a
Ge self-diffusion coefficient reported based upon crystal growth [44]
(blue triangle), as well as a Ge self-diffusion coefficient (yellow
triangle) and a Si self-diffusion coefficient (green triangle) reported
based upon ab initio moleculardynmics simulations [45] for Si50Ge50

are shown.

diffusion in liquid Ge and Ge80Si20 is identical within the error
limits. Moreover, the temperature dependence can be well
described by an Arrhenius law over the entire temperature
range: D(T ) = D0 exp(−EA/kBT ) with EA = 164 ± 8 meV.
The diffusion coefficients determined in this work are slightly
higher than those reported in Ref. [32] at similar temperatures.
Moreover, different from the results of Ref. [32], our data are
well described by an Arrhenius law in the full temperature
range down to the lowest temperatures. The reason for these
differences is discussed in the footnote No. 5 of Ref. [22].
Hence we find no indications for a structurally induced change
of the diffusion mechanism as suggested in Ref. [32]. For
comparison a Ge self-diffusion coefficient inferred from the
crystal growth behavior in Si50Ge50 is depicted in Fig. 2 as
well [44]. The value lies approximately 40% below the Ge

TABLE I. Ge self-diffusion coefficients in liquid Ge [22,23] and
Si20Ge80 measured using QNS on samples containing only natGe or a
1:1 nat/73Ge isotope mixture.

sample T (K) D(10−8 m2/s)

nat/73Ge 1223 1.34 ± 0.07
1273 1.38 ± 0.07
1350 1.58 ± 0.08
1430 1.66 ± 0.09
1520 1.77 ± 0.11

Si20
nat/73Ge80 1430 1.69 ± 0.12

1520 1.84 ± 0.15
Si20

natGe80 1520 1.76 ± 0.15
1573 1.84 ± 0.15
1633 1.97 ± 0.12
1693 1.84 ± 0.15
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self-diffusion coefficients measured in this work for Si20Ge80.
In Ref. [45], ab initio molecular-dynamics simulations of
liquid Si50Ge50 are presented. Compared with the Ge self-
diffusion coefficient we measured for liquid Si20Ge80 the
reported Ge self-diffusion coefficient is slightly lower and
the Si self-diffusion coefficient is slightly higher. However,
compared with densely packed liquids of metallic elements
or alloys that typically show diffusion coefficients in the or-
der of magnitude of 10−10–10−9 m2/s at temperatures close
to the melting temperature [5,25,26,39], the diffusion coeffi-
cients found for pure molten Ge and Si-Ge alloy melts are
significantly higher. Moreover, the activation energy for self-
diffusion is significantly smaller for liquids of Ge and Ge-Si as
compared to those reported for melts of densely packed metals
(e.g., 470 ± 30 meV for liquid Ni [26] or 640 ± 20 meV for
Zr64Ni36 [46]). This faster atomic dynamics observed for the
melts of Ge and Ge-Si is well in line with the considerably
lower density of packing of the molten semiconductors.

IV. DIFFRACTION STUDIES ON LIQUID Ge AND Ge80Si20

Static structure factors S(q) in liquid Ge and Ge80Si20 were
measured using neutron diffraction on the high-intensity two-
axis diffractometer D20 of the Institut Laue-Langevin (ILL)
in Grenoble, France, using an incoming wavelength of 0.94
Å. A detailed description of data treatment and experimental
setup is given in Ref. [41]. Moreover total x-ray structure fac-
tors of Si20Ge80 were measured using synchrotron radiation
of 100 keV energy at the beamline BW5 of the Hasylab at
DESY in Hamburg, Germany. The experimental setup is as
described in Ref. [10]. Calibrated and dark current corrected
one-dimensional intensity profiles as a function of the mo-
mentum transfer, q, have been calculated from the measured
two-dimensional intensity data by using the FIT2D [47,48]
software package. From these the total x-ray structure factors,
are determined after subtraction of the background measured
with the empty levitator, and correcting for self-absorption,
Compton scattering, multiple scattering, polarization, and
oblique incidence by utilizing the PDFGETX2 [49] analysis
software.

Ge structure factors were measured by neutron diffrac-
tion at six different temperatures. For the first time a Ge
structure factor was measured in the metastable regime of
the undercooled melt T = 1175 K, approximately 40 K be-
low the melting point. The highest temperature reached was
T = 1900 K, several hundred degrees above the melting point
of 1211 K. The structure factors are displayed in Fig. 3. A
shoulder on the high q side of the first diffraction maximum
at approximately 3 Å is clearly visible that is increasingly
pronounced with decreasing temperature.

Fourier transformation of S(q) yields the pair correlation
functions g(r) that are displayed in Fig. 4 for three different
temperatures. The pair correlation functions show a weak de-
pendence on the temperature with the main maxima becoming
sharper with decreasing temperature. The positions of the
first maxima in g(r) correspond to the mean nearest-neighbor
distance dNN. Because later we will discuss the short-range
order of binary Ge-Si melts, already here we use the typical
nomenclature that refers to the partial pair correlation func-
tions of alloy melts and the neighbor distances inferred from
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FIG. 3. Static structure factor S(q) for liquid Ge over a broad
temperature range from approximately 40 K below to 700 K above
the melting point (1211 K). A shoulder on the high q-side of the
first diffraction maximum (≈ 3.3 Å) is clearly visible, decreasingly
strong with increasing temperature.

these (please consider pure Ge a Ge-Si alloy with vanishing Si
content). In Table III the positions, q1 and q2 of the first and
the second maximum in S(q) and dNN are listed.

Our values agree well with reported values determined by
neutron and x-ray diffraction [17,18,50–53]. However, the
reported results of x-ray diffraction measurements at T =
1253 K [54] gave slightly larger dNN values as compared
with our neutron data. The position of the first maximum
of the structure factor, q1, slightly decreases with decreasing
temperature. This tendency is also found in Ref. [52]. Never-
theless, due to the strong asymmetry of the first maxima of
the structure factor, this shift of the maximum position in S(q)
does not necessarily indicate an increase of the mean nearest-
neighbor distances with decreasing temperature. Indeed, the
mean nearest-neighbor distance dNN remains constant within
the error limits (see Table III).

The first shell coordination number ZNN is obtained by
integrating the radial distribution function n(r) = 4πρr2g(r)
over the limits of the first peak. Using the macroscopic
density of liquid Ge taken from Ref. [55], values closely
around ZNN = 6.3 ± 0.5 are obtained that show no significant
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FIG. 4. Pair correlation functions g(r) for liquid Ge.
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TABLE II. Weightings of the partial structure factors in the dif-
ferent measured total S(q). (A = Si, B = Ge) For the case of x-ray
diffraction the values at q = 2.5 Å−1 are given, which corresponds
roughly to the position of the first maximum of the structure factor.

b
2

b2

cAcB (bA−bB )2

b2

2(bA−bB )b

b2

c2
AbA

2

b2

c2
BbB

2

b2

2cAcBbAbB

b2

Si20
73Ge80 0.995 0.005 0.365 0.029 0.683 0.282

Si20
73/natGe80 0.975 0.025 0.780 0.018 0.728 0.229

Si20
natGe80 0.954 0.046 1.044 0.012 0.752 0.191

Si20 Ge80 x-ray 0.926 0.074 1.313 0.007 0.772 0.146

dependence on the temperature. Compared to liquids of
pure metals with typical coordination numbers of approxi-
mately twelve, this value is significantly lower (see Ref. [19]
for liquid Ni, Fe, and Zr). Numerous classical [56,57] and
ab initio MD simulations [33,34,58–60] of the static structure
of liquid Ge are reported in literature. The simulated structure
factors generally agree fairly well with the ones reported here.
However, the structure factor calculated by Kulkarni et al.
[34] at T = 2000 K shows a symmetric first maximum with-
out a shoulder on the high q side. In contrast, our structure
factor measured at the highest temperature (T = 1900 K) ex-
hibits an asymmetric first diffraction maximum, although the
shoulder is less pronounced at higher temperatures. Moreover,
the short-range order was investigated for liquid Si20Ge80 at
T = 1650 K, using isotopic substitution. The three different
samples contained either 73Ge, natGe or a 1:1 mixture of both,
exhibiting a neutron scattering length of 5.02, 8.19, and 6.60
fm, respectively. Si exhibits a scattering length of 4.149 fm. In
addition to the total structure factors measured with neutron
scattering and isotopic substitution, the total x-ray structure
factor has been determined by diffraction of synchrotron ra-
diation, providing an even higher relative scattering power of
the Ge component as for the neutron scattering experiments
on the specimen containing Ge of natural isotopic abundance.

In Fig. 5(a), the measured total structure factors are de-
picted. A shoulder on the first diffraction maximum is clearly
visible in all of the measured total structure factors. While the
overall shape of all total structure factors is very similar to the
one observed for liquid Ge, a systematic variation of the shape
is observed such that with increasing relative scattering power
of the Ge component the amplitudes of the oscillations in-
crease and the intensity maxima are slightly shifted to smaller
momentum transfer. This shift may be explained by the larger
atomic size of the Ge atoms as compared with that of the Si
atoms.

In Fig. 5(b), total structure factors measured by x-ray
diffraction for liquid Si20

natGe80 at different temperatures in
the range between 1380 and 1690 K (melting temperature
Tm = 1403 K) are depicted. Again, only a weak tempera-
ture dependence is found. For a detailed investigation of the
short-range order in a binary A-B melt, partial static structure
factors may be calculated from three independent total static
structure factors in the framework of the Bathia-Thornton [61]
or the Faber-Ziman formalism [62]. In case of the Bhatia-
Thornton formalism three partial static structure factors are
defined: SNN(q) describes the topological short-range order of
the liquid, SCC(q) its chemical short-range order, and SNC(q)
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FIG. 5. (a) Total static structure factors measured using neutron
diffraction on liquid Si20

73Ge80, Si20
nat/73Ge80, and Si20

natGe80 as
well as by x-ray diffraction on a sample of natural isotopic abundance
at T = 1650 K. A shoulder on the high q side of the first structure
factor maximum is clearly visible and the overall shape of the total
structure factors is very similar. (b) Total structure factor for liquid
Si20Ge80 measured by x-ray diffraction at different temperatures.
Successive curves have been offset by 0.2 for clarity.

the correlation of number density and chemical composition.
In case of the Faber-Ziman formalism the three partial static
structure factors SAA(q), SBB(q), and SAB(q) describe the con-
tributions to S(q) that result from the three different types of
atomic pairs (A-A, B-B, and A-B). The relations are given by
the following equations:

S(q)BT = b
2

b2
SNN(q) + cAcB(bA − bB)2

b2
SCC(q)

+ 2(bA − bB)b

b2
SNC(q) (3)

and

S(q)FZ = c2
AbA

2

b2
SAA(q) + c2

BbB
2

b2
SBB(q) + 2cAcBbAbB

b2
SAB(q)

+ 1 − b
2

b2
. (4)

Here cA and cB denote the concentration of the atoms of
type A and B. bA and bB are the coherent scattering lengths
of the atoms/isotopes, (b = cAbA + cBbB and b2 = cAb2

A +
cBb2

B). Similar equations hold for x-ray diffraction, if the neu-
tron scattering lengths are replaced by the atomic scattering
factors, f (q). The weightings of the partial structure factors in
the different measured total S(q) are shown in Table II.
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TABLE III. Structural properties of liquid Ge and Si20Ge80 measured using neutron- and x-ray diffraction, including positions of the
first, q1, and second, q2, maxima in the topological structure factor SNN(q), the nearest-neighbor distances dNN, dGeGe, dGeSi, and the partial
coordination numbers ZNN, ZGeGe, ZGeSi.

sample T (K) q1 (Å−1) q2 (Å−1) dNN (Å) ZNN dGeGe (Å) ZGeGe dGeSi (Å) ZGeSi ZSiGe

Ge 1175 2.49 ± 0.01 5.17 ± 0.05 2.66 ± 0.02 6.4 ± 0.5 = dNN = ZNN

1295 2.49 ± 0.01 5.15 ± 0.05 2.66 ± 0.02 6.3 ± 0.5 = dNN = ZNN

1430 2.52 ± 0.01 5.12 ± 0.05 2.66 ± 0.02 6.4 ± 0.5 = dNN = ZNN

1520 2.52 ± 0.01 5.17 ± 0.05 2.66 ± 0.02 6.2 ± 0.5 = dNN = ZNN

1650 2.54 ± 0.01 5.17 ± 0.05 2.66 ± 0.02 6.4 ± 0.5 = dNN = ZNN

1900 2.57 ± 0.01 5.20 ± 0.05 2.65 ± 0.02 6.4 ± 0.5 = dNN = ZNN

Si20Ge80 1650 2.55 ± 0.01 5.28 ± 0.05 2.60 ± 0.02 6.8 ± 0.5 2.69 ± 0.02 4.9 ± 0.5 2.55 ± 0.02 6.5 ± 0.5 1.6 ± 0.5
1405 2.69 ± 0.02 4.9 ± 0.5 2.54 ± 0.02 6.3 ± 0.5 1.6 ± 0.5

It is noteworthy that the neutron scattering signal of the
sample prepared with the 73Ge isotope is dominated by the
partial structure factor SNN such that the total structure factor
determined from this sample already gives a good approxi-
mation of SNN. The prefactors of the partial structure factors
SCC and SSiSi are very small for all experiments, such that
the influence of SCC or SSiSi on the measured total structure
factors is comparable or even smaller than the experimen-
tal error. The determination of these partial structure factors
from the measured total structure factors is not possible and
the attempt to solve the equation system (3) or (4) using
the data from three independent measurements as an input
in order to determine all three partial structure factors gives
strongly oscillating results for SSiSi and SCC that are obviously
incorrect. The unrealistic strong oscillations of these partial
structure factors compromise also the precision of the other
partial structure factors calculated by means of this.

Nevertheless, it is possible to determine good approxi-
mations of the other partial structure factors. Taking into
consideration the very small prefactors of SCC for neutron
scattering experiments on the samples prepared with 73Ge and
with the isotopic mixture of 73Ge and natGe, it is reasonable to
neglect the contribution of SCC to these total structure factors.
Hence we assume that SCC has a constant value of 1 in order
to assure the right asymptotic behavior of the structure fac-
tors at large momentum transfer. This allows for calculation
of good approximations of SNN and SNC from the two sets
of experimental data (Si20

73Ge80 and Si20
nat/73Ge80) by solv-

ing of the equation system (3). Within the Faber-Ziman
formalism the coefficients of SSiSi are very small for the x-ray
diffraction experiment and the neutron scattering experiment
on the sample prepared with Ge of natural isotopic compo-
sition. Again neglecting this contributions allows to calculate
good approximations of SGeGe and SGeSi from the two total
structure factors by solving the equation system (4). The
partial structure factors SNN, SNC, SGeGe, and SGeSi that have
been determined at a temperature of 1650 K by means of the
approximations described before are depicted in Fig. 6(a). The
partial structure factor SNN is nearly identical to the total struc-
ture factor measured for the sample containing 73Ge, which is
expected in the light of the coefficients given in Table II. Its
shape strongly resembles the shape of the structure factor of
pure Ge at same temperature (Fig. 3). Interestingly, the partial
Faber-Ziman structure factor SGeGe does not show the char-
acteristic shoulder that appears on the high-q side of the first

intensity maximum of SNN and also for the structure factor of
pure Ge. SGeSi, however shows a maximum at the position of
this shoulder. From this it can be concluded that when alloying
Ge with Si, the Si atoms are taking preferentially such atomic
positions that together with their Ge neighbors give rise to the
shoulder in the structure factors. The shoulder appearing on
the high-q side of the first intensity maximum corresponds to
shorter than average nearest-neighbor distances in real space.
This can be directly seen in the corresponding partial pair
correlation functions gNN(r), gGeGe(r), and gGeSi(r) at T =
1650 K that are depicted in Fig. 6(b) together with the pair
correlation function of pure Ge. While the high-r tails of first
maxima of gGeGe and of the pair correlation function of pure
Ge are identical, at smaller distances the maximum of gGeGe
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FIG. 6. (a) Partial structure factors SNN(q), SNC(q), SGeGe(q),
and SGeSi(q) for liquid Si20Ge80 at a temperature of T = 1650 K.
(b) Corresponding partial pair correlation functions gNN(r), gNC(r),
gGeGe(r), and gGeSi(r). Also shown is the pair correlation function of
liquid Ge.
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is considerably smaller as compared with the melt of pure Ge.
Instead, here the maximum of gGeSi is located. This preference
of the Si atoms to substitute during alloying those Ge-atoms
with a small neighbor distance may be understood in the light
of the smaller atomic size of the Si atoms. From the partial
Faber-Ziman pair correlation functions partial coordination
numbers of ZGeGe = 4.8, ZGeSi = 6.4, and ZSiGe = 1.6 are ob-
tained.

In Table III, the (partial) nearest-neighbor distances, dNN,
dGeGe, and dGeSi as well as the corresponding (partial) coor-
dination numbers ZNN, ZGeGe, ZGeSi, and ZSiGe are compiled
for liquid Ge-Si and Ge at different temperatures. Compared
with pure Ge, for the Ge80Si20 alloy the peak positions in
SNN(q) and gNN(r) are shifted slightly towards higher q and
respectively lower r values for the latter. Using the measured
number density data taken from Ref. [55] for the close com-
position Ge75Si25 (the composition dependence of the number
density in Ge-Si is rather low) a nearest-neighbor coordination
number of ZNN = 6.8 ± 0.5 is derived.

Within the error limits the coordination number of liquid
Si20Ge80 agrees with the one of liquid Ge. Accordingly its
value is significantly lower than that of typical liquid metals.
Apparently the topological arrangements in liquid Ge and
Si20Ge80 are very similar, with slightly shorter interatomic
distances for the latter. To the best of the authors knowledge,
only total structure factors for liquid Si-Ge were reported in
literature. In Ref. [20], energy dispersive x-ray diffraction
measurements on liquid Ge, Si30Ge70, Si50Ge50, and Si are
reported and in Ref. [17] x-ray diffraction investigations on
liquid Ge, Si25Ge75, Si50Ge50, Si75Ge25, and Si are presented.
Neutron diffraction measurements on liquid Si50Ge50 are re-
ported in Ref. [21] for which samples prepared with elements
of natural isotopic abundance have been used. As discussed
before, in both cases, the Ge-Ge correlations provide the
strongest contribution to the scattered signal. Also in these
cases a shoulder is clearly visible on the high-q side of the
first structure factor maximum.

For liquid Ge, average nearest-neighbor distances of
roughly 2.74–2.76 Å are reported in Ref. [20] and of
2.68–2.69 Å in Ref. [17]. Despite the fact that it is ques-
tionable to calculate interatomic distances from total pair
correlation functions, the nearest-neighbor distances reported
for Si25Ge75, Si30Ge70, Si50Ge50, and Si75Ge25 are slightly
smaller as compared with pure Ge [17,20]. For liquid Si, con-
siderably lower values of 2.45–2.49 Å are reported [17,20].
The reported value of 2.66 Å for Si25Ge75 is close to the dGeGe

= 2.69 Å we found for liquid Ge80Si20, which is expected
due to the significantly higher scattering cross section of Ge
as compared with that of Si in x-ray diffraction experiments.
The decrease of the interatomic distances when adding Si
to Ge that is inferred from total pair correlation functions is
well in line with the smaller dNN we find for Ge80Si20 as
compared with that of pure Ge (see Table III). It is mainly
due to the shorter Ge-Si distances dGeSi, while dGeGe is even
slightly larger as for pure Ge. The latter effect is mainly due
to the selective substitution of positions with a smaller inter-
atomic distance by the smaller Si atoms. When deceasing the
temperature to 1405 K, gGeGe remains essentially unchanged
(Fig. 7). Consequently also dGeGe and ZGeGe are constant
within the error limits. gGeSi, however, becomes significantly
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gGeSi   1405 K
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FIG. 7. Partial pair correlation functions gGeGe(r) and gGeSi(r) at
temperatures of T = 1650 and 1405 K.

sharper towards lower temperatures. Because the increase of
the height of the peak is associated with a decrease of the
width, the partial coordination number ZGeSi is not changed.
This may indicate that within the investigated temperature
range the changes of the structure factors as a function of the
temperature are mainly due to Debye-Waller like influences
on the partial structure factors rather than by a fundamental
change of the short-range order as suggested by Refs. [32,34].
The temperature dependence of the sharpness of the intensity
maxima is considerably stronger for the Ge-Si neighbor pairs
as compared with the Ge-Ge pairs. Taking into consideration
that the Si atoms take atomic positions that are responsible
for the appearance of the characteristic shoulder on the first
maximum of the structure factor, this mechanism also explains
why this shoulder fades out at high temperatures, while the
asymmetry of the maximum remains. This conclusion was
inferred from the analysis of the partial structure factors in the
Ge80Si20. Nevertheless it should also provide an explanation
of the same observation in pure liquid Ge. In the cluster-based
structural model for liquid Ge suggested by Ashcroft [30], the
maximum of the structure factor is associated with intercluster
correlations between tetrahedral clusters while the shoulder is
suggested to result from intracluster correlations. Our find-
ings, however, suggest that the short-range structure of the
melt is characterized by at least (unfortunately we were not
able to determine gSiSi) two different distinct nearest-neighbor
distances that give rise to a peak splitting of S(q) and hence to
the characteristic shoulder. This conclusion becomes appar-
ent in the light of the distinct chemical short-range order as
described by partial structure factors that is introduced when
substituting Ge by Si, while the topological short-range order
is not affected by the substitution.

The existence of two different distinct nearest-neighbor
distances may be compatible with a hypothesis raised in
Ref. [17] that in Ge-Si liquids occurs some kind of continuous
phase transition from a high density and a low density liquid
when decreasing the temperature. Nevertheless, we find that
the partial coordination numbers remain constant as a function
of the temperature, while the observed changes of the shape
of the structure factors result from a more pronounced Debye-
Waller like broadening of SGeSi with increasing temperature
as compared with that of SGeGe. Hence, we observe no funda-
mental changes of the short-range structure that should occur
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in case of the suggested liquid-liquid phase transformation
from a high density to a low density liquid.

For liquid Si50Ge50, ab intio MD simulations show a slight
preference for phase separation [45]. From the temperature
dependence of the partial pair correlation functions gGeGe

and gGeSi and the partial coordination numbers ZGeGe and
ZGeSi we find no indications for such a demixing tendency
in Ge80Si20.

The very similar topological structure with almost identical
coordination numbers in pure Ge and Si20Ge80 provides a
structural explanation for our finding that the measured self-
diffusion coefficients in liquid Ge and Si20Ge80 are identical
within error limits at same temperature.

V. CONCLUSION

We studied structure and dynamics in liquid Ge and
Si20Ge80 using neutron scattering and x-ray diffraction. QNS
was employed to obtain Ge self-diffusion coefficients in liquid
Si20Ge80 over a temperature range of 30 K to 300 K above
the liquids temperature. The Ge self-diffusion coefficients are
equal within the errors limits to the Ge self-diffusion coef-
ficients in liquid Ge [22,23]. The temperature dependence is
well described by an Arrhenius law with an activation energy
of 164 ± 8 meV within the entire temperature range. As com-
pared with the atomic dynamics of densely packed metallic
melts, liquid Ge and Ge-Si show a considerably higher atomic
mobility.

In addition, static structure factors were measured using
neutron and x-ray diffraction in combination with container-

less processing employing EML. Structure factors of liquid
Ge were measured over a broad temperature range from 40 K
below to several hundred K above the melting point. A shoul-
der on the high-q side of the first structure factor maximum
is observed that becomes less pronounced with increasing
temperature. Furthermore, by using the isotopic substitution
method and by combination with x-ray diffraction good ap-
proximations of the partial structure factors SNN, SNC, SGeGe,
and SGeSi of liquid Si20Ge80 were determined. The topological
structure factors SNN for Si20Ge80 resemble the structure fac-
tors of pure Ge, indicating a similar topological short-range
order.

A coordination number of about 6.3 ± 0.5 in the case
of liquid Ge and 6.8 ± 0.5 for liquid Si20Ge80 was derived.
Both are significantly lower than for densely packed metal-
lic liquids. The resulting low packing density of these melts
provides an explanation for the considerably faster atomic dy-
namics observed for liquid Ge and Ge-Si as compared to those
of densely packed metallic melts. Moreover, the similarities
in the topological short-range order of liquid Ge80Si20 and
pure Ge explain the similar Ge self-diffusion behavior in both
systems.
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