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EXAFS studies on undercooled liquid Cg,Pd,, alloy
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By combining electromagnetic levitation with the EXAFS method it is possible to investigate the short-range
order of metallic melts in a wide temperature range. Due to the containerless environment it is even possible
to obtain insight into the metastable state of a deeply undercooled melt not amenable by other methods. This
allows us to study the solid and the liquid state in the same temperature range. Here we report on the first
quantitative EXAFS measurements on a liquidsgPah, alloy undercooled by more than 300 °C, and on solid
CogPdyy. From the spectra, we have obtained the temperature dependence of the neighbor distances as well as
of the Debye-Waller factor§S0163-182609)10905-6

I. INTRODUCTION fully miscible at all compositions and does not possess any
intermetallic phases. Furthermore, it can be easily under-
Research on the structure of metallic melts is difficult forcooled below the hypercooling limit.
many reasons: Metals are not transparent to visible light, so At the composition Co—20 at. % Pd, it shows a minimum
that x rays or neutron sources are necessary to yield insigfetween liquidus and Curie temperature, and ferromagnetic
into the material. In addition, the melting temperature ofproperties of the undercooled melt have been repdfted.
most metals is very high, which leads to problems of findingTherefore, CgPd, was chosen as a model system for the
a crucible material resisting high temperatures and not reacfresent study. Making use of the fact that we could compare
ing with the sample. the short-range order in the solid and in the liquid phase at
The electromagnetic levitation technique is an eleganthe same temperature over a wide temperature range, we
method for containerless processing of metallic melts. Usingould clearly separate temperature effects from structural ef-
radio-frequency, inhomogeneous electromagnetic fields, itects. Similar experiments have been previously performed
provides heating and positioning for electrically conductingon undercooled liquid germanium, using an emulsion
materials. The sample levitates inside a coil and can béchnique’ In germanium, however, the solid-liquid phase
probed by several noncontact diagnostic tools, as describdeansition coincides with an insulator-metal transition, which
in, e.g., Ref. 1. Due to the extremely pure conditions it ismakes the interpretation of the observed effects more diffi-
possible to undercool the levitating melt several 100 °C becult. In addition to clarifying the fundamental difference be-
low the melting temperature and access this metastable staf&/een the liquid and the solid state, we have also studied
The potential of this method and experiments on underguantitatively the structural contributions to the macroscopic

cooled melts are discussed in Ref. 2. thermal expansion.
In the absence of any long-range order in the melt, struc-
tural studies can be performed with methods that are sensi- Il. EXPERIMENTAL DETAILS

tive to the short-range order in the sample. The EXAES
tended x-ray absorption fine structuranalysis provides A. EXAFS
element-specific information about the neighbor distance, the The x-ray absorption coefficient of an isolated atom ex-
Debye-Waller factor, and the coordination numb®ioneer-  hibits sharp edges at distinct energies. These energies corre-
ing EXAFS measurements on low melting liquid Zn abovespond to the ionization thresholds of the core electrons. If the
the melting temperature were published by Crozier anditom is embedded in condensed matter, the absorption coef-
Seary in 1980, where they studied the effect of the asym- ficient is observed to oscillate up to energies of about 1000
metric pair distribution on the analysis of EXAFS spectra.eV above the absorption edge. This oscillation is called
More recently, EXAFS was applied to high-temperatureEXAFS (extended x-ray absorption fine structurand is
melts® Since the EXAFS technique, being an absorption excaused by the scattering of the emitted photoelectron by the
periment, is barely affected by an ill-defined experimentalsurrounding atoms. A comprehensive review of EXAFS can
geometry(due to the sample’s motionit seemed possible to be found in the book by Ted.
combine both levitation and EXAFS for structural studies of The EXAFS signaly(k) is defined as the normalized de-
undercooled metallic melts. viation of the absorption coefficieni(k) of the condensed
The first EXAFS experiments on levitated, undercooledmatter from its value for an isolated atomy(k):
metallic melts at the Hamburger Synchrotronstrahlungslabor

(HASYLAB) of the Deutsches Elektronensynchrotron (k) — mo(k)

(DESY) showed the feasibilifyof this combination. Here we x (k)= W' (2.1
report on the first quantitative analysis of EXAFS spectra of

undercooled Co-Pd alloys. wherek is the wave vector of the emitted photoelectron. If

The binary alloy Co-Pd has a simple phase diagram: it i€, denotes the energy of the absorption edge anthe
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electron rest mass, thekis related to the energy of the 16 mm
incident x-ray energy by
f12k?
E- EOZW. (2.2 upper

winding

In scattering theory, using plane-wave and single- T
scattering approximationg,(k) is given by

6 mm | radiated spot
f(K)| [=p(r
X(k)=¥f &Z)e‘z””(k)sir[Zerr o(k)]dr,
o r

(2.3 w— lower
where|f(k)| and ¢ are the characteristic backscattering am- winding

plitude and phase shift due to the scattering of the neighbor m
atoms,\ (k) is the mean free path of the photoelectron, and

p(r) is the bond length probability density, which is propor-

tional to the pair-distribution functiog(r). In the case of

small disorder in the system a Gaussian probability density

with varianceo is assumed and E@2.3) leads to current direction
N FIG. 1. Scale sketch of the levitated sample in the coil, seen in
x(k)= _2 Tj |fj(k)| e ZUsze—Zr,- INj(k) the direction of the incident beam.

. J B. Electromagnetic levitation
Electrically conducting materials can be processed with-
Here N; is the number of neighbors of tygein the jth  out a container by using the electromagnetic levitation tech-
shell with distance; from the central atomf;(k) and ¢;(k) nique. If a sample is placed into a high-frequency alternating
are the characteristic scattering amplitude and phase shift dikhomogeneous electromagnetic fiddd eddy currents are
to the scattering at an atom of typand ex@—ZoJ?kz] isthe induced within the sample. These currents will interact with
Debye-Waller factor. the field leading to levitation of the sample caused by the
For disordered systems, like glasses, melts, or crystals &orentz forceF, which is proportional to the gradient of the
high temperatures, the assumption of a symmetric pairfield. Simultaneously the sample is heated due to Ohmic
distribution function is no longer correct, since the back-losses of the induced currents. The power absorbed by the
scattering atoms feel the anharmonicity of the pair potentialsample is proportional to the square of the field strength. If
For that reason the pair-distribution function of these sysihe energy loss due to radiation and heat conduction is lower
tems will become asymmetric. than the power absorption, the sample can finally be molten.
For the analysis of our EXAFS spectra the GNXAS For further details on the electromagnetic levitation see, e.g.,
method of Filipponiet al* is used. This method, like other the review by Herlaclet al*
advanced methods for the EXAFS analysis, does not use the Since the potential generated by the levitation coil is only
plane-wave approximation and takes into account mutiplevery shallow, the sample is not fixed within the coil, but
scattering effects, which are not considered in Eq4). It ~ performs oscillations about its equilibrium position. These
allows a decomposition of the measured x-ray absorptiofiranslational oscillations have typical amplitudes in the range
signal (XAS) into contributions of then-body distribution ~ of a few millimeters and a frequency of a few Hz. At the
functiong,(r) (GN). Filipponi and Di Cicc8 and D’ Angelo ~ same time the liquid sample will perform surface oscillations
et al1? developed the following asymmetric model function: with a frequency in the order of 40 Hz. For recording of
sufficiently smooth EXAFS spectra both oscillations have to
2 / 2(r—-R)\9°? 2(r—R) be suppressed as much as possible by using a suitable levi-
p(r)= BT @ 9" "R exp - B tation coil.

q+
(2.9

with Euler’'s gamma functiol’ (q) andq=4/82. The distri-
bution depends on three parameters: The expectation value The experiments were carried out at the European Syn-
of the atomic distanc®, the variance of the distributioa, chrotron Radiation Facilitf{ESRP in Grenoble, France, at
and an asymmetry parametge=K;/o>, whereK; is the  Beamline 18(BM 29). The levitation chamber is aligned to
third cumulant of the distribution. In the sma#l limit Eq.  the beam in such a way that the levitated sample is illumi-
(2.5 can be described by a Gaussian distribution. nated symmetrically to its equator. The levitation coil has an
Inserting the model distribution function, EQ.5), into  inner diameter of about 16 mm and a gap of about 6 mm
the general EXAFS formula, ER.3), a model EXAFS fora between the lower and upper windings, which allows free
given radial distribution can be calculated, and vice versaobservation of the sample from the side for the x-ray beam as
From the fitsR, o, andB can be determined as functions of well as for the detectors. A scale sketch of the sample in the
temperature. levitation coil is shown in Fig. 1. The dimensions of the

C. Experimental setup and implementation
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FIG. 2. Experimental setup: The monochromatic synchrotron radiation reaches the levitating sample after passing an ionization chamber.
The secondary fluorescence radiation is detected by four photodiodes, which are placed concentrically around the incident beam. For clarity
the sketch does not show the horizontal pair of diodes.

beam are carefully chosen to make sure that it is always The measurements on the solid sample at room tempera-
focused onto the sample surface. Such an adjustment sup#e were performed using the same facility with the levita-
presses the influence of sample translations on the absorptidion field switched off and with identical sampléspheres of
spectra. Using samples of 5-6 mm diameter, a beam size §-6 mm diametgrsupported by an AD; sample holder. In
1 mm height and 2 mm width leads to an optimized result. contrast to that, the measurements on the solid samples at
Before the experiment the sample is placed into a vacuurfilevated temperatures were performed using a special high-
chambex(Fig. 2), which is evacuated to a pressure better tharfemperature fumack,that allows the heating of the sample
10°5 mbar to prevent the sample from being contaminated'P t0 the solidus temperature. A flat sample with a thickness
by atmospheric oxygen and to reach maximum undercool©f @bout 100 um was prepared. For direct heating of the

ability. For the experiment the chamber is filled with a 96%sampl_e, an electric QC current was fed through the sample.
He and 4% H mixture of high purity up to a pressure of The direction of the incident synchrotron beam was normal

about 1.2 bars. This reducing atmosphere avoids the formd? the sample’s surface, and the fluorescence radiation was
detected nearly in the backward direction.

tion of oxides on the sample surface that could lead to pre- T If-ab i £ all | taken int i
mature nucleation. The temperature of the sample is meg- | ¢ S€l-absorption of all sSamples was taken into accoun
using the correction of Tgeret al.

sured with a pyrometer and is adjusted by convective coolin y
with an electropneumatically controlled gas flow for keeping
the temperature constant during the measurement. lll. RESULTS AND DISCUSSION
After passing an ionization chamber for measuring the
incident tFJ)eam i?nensity, the beam enters the levitation gham— A. EXAFS spectra
ber through a thin beryllium window. The thickness of the Figure 3 showsk-weighted EXAFS spectra of solid
sample does not allow one to measure the absorption direct§osPdy at room temperature and at 850 °C with the least-
in transmission, so we measure the fluorescence radiation sfjuares fit including contributions up to the third shell. The
the transition of an electron from the to the K state. To damping of the amplitude at high temperatures is evident.
minimize the influence of the sample movement on the spec- The k-weighted EXAFS spectra of liquid GgPd,, are
tra, a horizontal and a vertical pair of photodiodes is usedshown in Fig. 4. It was possible to obtain spectra at tempera-
which are placed concentrically in backward directighout ~ tures more than 210°C above the liquidus temperature
16 °) around the incident beam. [T,(CoggPdhg) =1337°( as well as at an undercooling of
The measurements were done at the colkdltedge more than 310°C. The spectra at the highest temperatures
(Eq=7.709 keV) in the energy range from 7.6 keV to 8.3 are more noisy because of the decreasing sample stability
keV. In the region above the edge the energy points wergith increasing temperature. On the other hand, for measur-
chosen to be equidistant ik space using a step width of ing the EXAFS at 1020°C it was necessary to choose an
Ak=0.05 A~1. with an integration time of 5 sec per energy integration time of only 2 sec per energy point to keep the
point for the levitating melt, one spectrum was obtained insample liquid during the measurement, so that the averaging
about 35 min. During this time it was necessary to maintairover the sample movement is not very good. Comparing the
the sample liquid at a constant temperature, which limits thdow noise spectra fronT=1400°C down toT=1050°C
range of accessible undercooling because the nucleation rage distinct increase of the EXAFS with decreasing
increases exponentially with undercoolihg. temperature is clearly visible: At lower temperatures the EX-
For quantitative analysis of the EXAFS of the melt, aver-AFS amplitude rises and a fourth maximum aroukd
aged spectra from four single spectra at constant temperature8.5 A~! becomes more pronounced. According to Fig. 3
were used to further reduce the influence of the sampl¢note the different ordinate scajasis obvious that the EX-
movement. AFS is much more distinctive in the solid than in the melt.



3964 G. JACOBS AND I. EGRY PRB 59

o e = e
) 2 ES 5

EXAFS k- x(k)

amplitude of Fourier transform 7 (r)
IS

o
=

FIG. 5. Fourier transformy(r) of the experimental EXAFS

FIG. 3. Experimental,k-weighted EXAFS spectra of solid spectra of solid CgPd, at 25 °C(solid line, right ordinateand at

CosPcho at 25 °C and 850 °C. The solid line is a least-squares fit o850 °C (dotted line, left ordinate Note that the amplitude of the

the experimental data including contributions up to the third shellNigh-temperature spectrum is smaller by a factor of 5.

The spectra are shifted on the ordinate scale. ] ) ]
corresponding to nearest neighbors is present at all tempera-

Comparing the signal-to-noise ratio from the stably posi-turesv whereas, in contrast to the solid, maxima related to

tioned crystal with the levitated melt shows the effectiveness '€ distant neig?bqrs are washed out. The peak height of
of our procedure of averaging over the sample motion. the liquid at 1050 °C is reduced by a factor of 2 as compared

The Fourier transformg(r) of the EXAFS spectra for © the solid at 850 °C. However, the half width of the peak is

the solid and liquid sample are shown in Figs. 5 and 6 re_nearly the same for these two temperatures, indicating that
spectively. To obtainy(r), the k range fro'm 35 té the Debye-Waller factor is dominated by temperature effects.

10.0 AL was used and weighted witt?. From Eq.(2.3) it From Fig. 6 it is evident that an increase in temperature leads

is obvious thajy(r) is related to the pair correlation function to a reduction and broad_enmg of the peak. Ir_1 summary, the
g(r). short-range order extending to the nearest neighbors is main-

; ; o o tained in the liquid whereas medium-range order related to
botilgtltjarrip?efgtc;v:es(s(r%hfget h|§ s:tﬁl(l,d r?]ta|2r15 pg;;(niii%dcé ',f_;t more distant neighbors is characteristic of the solid state. The
corresponding to the nearest-neighbor distance. Also, théﬁ%ﬁra\/_'or pf :he sho][t-ra_ngr]]ekz) orc(jjgrt will be c(ijlssuzsedv\lln”the
exist at least four additional maxima. The height of the main.° f{)(\)/\rnng In terms of neighbor distance and Lebye-Waller
peak decreases by a factor of 5 as the temperature is raisé%C :
from 25°C to 850°C.

In Fig. 6, x(r) is shown for the liquid sample in the B. Fitting procedure
temperature range from 1050 °C to 1550 °C. The maximum v, the GNXAS method it is possible to calculate model
backscattering signals for each component directlyspace
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FIG. 4. Experimental k-weighted EXAFS spectra of liquid FIG. 6. Fourier transformy(r) of the experimental EXAFS
CogPdy in the temperature range from 1550 °C to 1020 °C. Thespectra of liquid CgyPd,g in the temperature range from 1550 °C
spectra are shifted on the ordinate scale. (lowest curve to 1050 °C(highest curvgin steps of 50 °C.
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FIG. 7. EXAFS of liquid CgyPdy, at 1050 °C: Data and fit with

asymmetric pair-distribution functions for the first cobalt and palla- ) . .
dium shell and the residual. as in pure cobaltthcp with lattice parametersi=2.505

+0.009 A andc=4.065-0.009 A (e.g,. Ref. 15 During

and to perform a least-squares fit to the experimental spectf3gating of the crystal both neighbor distances increase
without any filtering. For the analysis of our spectra, Wesllght_ly with increasing temperature while the difference of
assumed a face-centered culfic) structure of the crystal the distances remains relatively small due to the presence of
and an icosahedral structure in the melt. The model was fithe crystal lattice. _ _ _
ted to the measured spectra assuming 80% cobalt and 20% On melting, the effective Co-Co distance reduces drasti-
palladium around the absorbing cobalt atom for all temperaC@lly in contrast to the Co-Pd distance that rises slightly from
tures. As parameters we varied the threshold engxgjcf. its value for the high-temperature crystal. Both distances re-
Eq. (2.2)], both neighbor distanceBc,co and Regpg and ~ MaIN nearly temperature independent over thq whole tem-
their variancesrco.co andocypg, as well as the total coor- Perature range of.mc_)re than 500°C and no difference be-
dination number and the asymmetry paramegr The tween the normal liquid and the metastable undercooled melt
threshold energy was found to lE&=7720+2 eV for all  c@n be seen. It is well known that an increasing asymmetry
temperatures. In order to reduce the number of fitting param®f the pair-distribution function can lead to an apparent de-
eters we decided to fig for the liquid spectra to its value of Cc'€ase of the neighbor distances as seen by EXAES,
0.5 that was obtained from the spectrum at 1300 °C. Crozier and Seafy. In our analysis, we allow for an asym-

In Fig. 7 the decomposition of the measured EXAFS ofmetric distribution, but we have to keep the skewness param-

liquid CosgPd at 1050°C into contributions from the first eter 8 constant, due to convergence problems. Therefore, we

cobalt and palladium shell is shown. The topmost curve rep@Nnot rule out that the reduction of the effective Co-Co

resents the measured data points with the total fit. In th&iStance on melting is due to an increasing skewness of the
k-weighted spectrum the oscillation is clearly visible up to
the fourth maximum which is dt=8.5 A~1. Beneath, the 29 |
contributions of the cobalt and of the palladium neighbors '
are plotted separately. The longer wavelength for the cobal gl
backscatterer is obvious, denoting a shorter distance for th(—
cobalt neighbors. The residual describes the difference be'< Co-Pd, solid i
tween the model and the data points and is a measure for th% 27 1 E% { ‘H
quality of the fit. The lack of any structure in the residual '
indicates the agreement between the data and our fit.

The Fourier transform of the data, the fit, and the residual
is shown in Fig. 8. The shape of the main peak is well de-
scribed by the fit.

Co-Co, liquid
Co-Pd, liquid
Co-Co, solid

®
u
(o]
[m]

1stance

neighbour d
N
wn

C. Neighbor distance 241 I
Figure 9 shows the temperature dependence of the effec T
tive neighbor distance of liquid and solid £Bd,, in com- | S R R
0 500 1000 1500

parison. At room temperature the distance between the coba
atoms and between cobalt and palladium atoms was evalu-
ated to be Rcoco(25°C)=251+0.01 A and FIG. 9. Distance of the first cobalt and palladium shell from the
Rco.pd(25°C)=2.56+0.02 A, respectively. The nearest- central cobalt atom in liquid and solid GPdo. T, marks the
neighbor Co-Co distance in this alloy is essentially the saméquidus temperature.

temperature [°C]
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TABLE I. Temperature dependence of the distance of the first cobalt and palladium shell from the central
cobalt atom in solid and liquid GgPd,g.

SolidR[T (°C)] (A) Liquid R[T (°C)] (A)
Co shell:Rcq.co 251+5.1x10° T 2.50-0.01X 10" ° (T—1337)
Pd shell:R¢q.pq 2.56+8.4x10°° T 2.69+4.02x10°° (T—1337)

distribution. On the other hand, the observed behavior is cornvariance scale like the reciprocal reduced masses of the con-
sistent with a hard-sphere model for the liquid. Using tabu-stituents. Using tabulated values for the masseg.(
lated values(e.g., Kittel® for the ionic radius of co- =58.93 amu anthpy=106.4 amu) and for the phonon fre-
balt (Ri,,=1.25 A) and palladiumR;,,=1.38 A), the dif- quency»(CosPdh) =6.9 THz, e.g., Ref. 18the contribu-
ference between the solid and the liquid at the same temperéion can be calculated and yieId%o_CO’Uib=0.0048 R and
ture can easily be explained. In the liquid the neighbor diSvéo-Pd,vib:0'0038 R at room temperature. This is in ex-
tances are determined mainly by the radii of the participatingellent agreement with the experimental datee Table ).
ions. Increasing the temperature leads only to an increase of Upon heating of the crystal, the variances increase stron-
the amplitude of the atomic vibratidisee belowthat leaves  ger than is predicted by the Einstein model. The difference
the expectation value of the distance unchanged. This meargannot be explained by the temperature dependence of the
that the thermal expansion of the melt cannot be explaine@honon frequency, but is due to increasing structural disorder
by an increase of the interatomic distances. in the sample. Such disorder could be caused by an increas-
Table | summarizes the results for the temperature depefing number and size of defects. On melting, the variances
dence of the neighbor distances in solid and liquigfd,s.  rise discontinuously. It is tempting to attribute this rise to the
onset of diffusion in the liquid, giving rise to additional dis-

D. Debye-Waller factor order. However, the slope of the experimental values of the
vfariances in the melt is nearly identical to the slope predicted
cby the Einstein model, which means that the temperature
dependence of the variances is dominated by atomic vibra-

In Fig. 10, the temperature dependence of the variance
both distances in liquid and solid gfd is shown. The
contribution of vibrations to the Debye-Waller factor can be.. . L
adequately described by a simple Einstein mbdeith an tions, even in the liquid.

appropriately chosen frequency. In this model the vibrationa| Table |l summarizes the temperature dependence of the
ppropriately quency. In . . . variances of the nearest-neighbor distances in the crystal and
contribution o,;, to the variance in a diatomic system is

given by in the melt evaluated by linear regression of the data points.
T(4.83&)\2 E. Thermal expansion
m\ v According to a method suggested by Newville and Stern

Here . denotes the reduced mass of the systertie vibra- it is possible to use an anharmonic effective poteritiat)
tional frequency, and the speed of light. It is obvious that ©f the form
according to this model the vibrational contributions to the

1
U | U(r)=5a(r=Ry)?+b(r —Ro)*+c(r—Ro)*, (3.2
0.07F o Co-Co, liquid with the constants, b, andc, to calculate the thermal vol-
[ = Co-Pd,liquid ume expansion, caused by the anharmonicity of the pair
0.06 | o Co-Co, solid ial It i . b
0 Co-Pd. solid ; potential. It Iis given by
;E 0.05L Co-Co, vib. 3 3 E ] E
o s [ __ke(a—=3Rgb)
8 0.04} ay= R2 2 (33)
g | oa
€ 0.03
g The pair-distribution function related to the potential given
0.2k in Eg. (3.2 can be approximately calculated usimg,,
I g, =exd —U(r)/ksT]. This relationship is valid in the very low
ool e density limit only?® We use it as a simple way to param-
,,,,,,, T etrize our pair-distribution function and to derive the thermal
l . . . .
o_ . ] expansion from Eq(3.3), not for a derivation of the pair
0 500 1000 1500

potential. Of course, the use of this relationship at the den-
sities considered here is a potential source(fprantitative

FIG. 10. Variance of the distance of the first cobalt and palla-€ITors. By fitting this calculated function to the experimental
dium shell from the central cobalt atom in liquid and solidggRal,,  distribution function, Eq(2.5), it is possible to evaluate the
in comparison with the vibrational contribution according to the constantsa, b, andc yielding a thermal volume expansion
Einstein modelT, marks the liquidus temperature. of a~0.6x10" % K1

temperature [°C]
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TABLE Il. Temperature dependence of the variance of the first cobalt and palladium shell from the
central cobalt atom in solid and liquid g d.

Solid o2 [T (°C)](A?) Liquid o2 [T (°C)] (A?)
Co shell:o2, ¢, 0.0045+2.9x10°5 T 0.053+2.5x10°5 (T—1337)
Pd shell:02 g 0.00342.0x10°° T 0.041+2.6X107° (T—1337)

Using the literature valuésfor the density of liquid co- range including deep undercooling. Using this combination it
balt [ pco(T)=7.75—10.%< 10" 4(T—1768 K) g/cn?] and  was possible for the first time to compare the structure of the
liquid palladium [ppg(T)=10.49—12.%X10 4(T—1827 solid and the liquid phase of macroscopic samples over a
K) g/cn®), the density of the alloy can be calculated accord-wide temperature range, in our experiments over more than

ing to Crawley?? 200°C.
By using a proper procedure for averaging over the un-
z WA avoidable sample motion it is possible to obtain meaningful
i spectra that can be analyzed applying an asymmetric pair-
P="v, (34 distribution function. With the GNXAS method, the struc-

) . ) tural parameters for the components can be evaluated sepa-
whereV), is the molar volume; the atomic weight, ang;  rately, which was done for the environment of the cobalt
is the concentration of componeinin the alloy. atoms in CgyPdho.

Trj'f |e§‘f5 to a volume expansion coefficientagf~1.2 It could be seen that neighbor distances in the melt are
X10™" K™+, which was verified by a direct measurentént gominated by the ionic radii of the components and are
of the thermal expansion. Therefore, we conclude that thgearly temperature independent. Similarly, the atomic dis-
temperature dependence of interatomic distances and Debygmnces in the crystal do not differ much from their room
Waller factors accounts for only about 50% of the macro-emperature values even close to the melting point.
scopic thermal expansion. The missing 50% can be due 10 For the solid at room temperature the variances can be
the formation of vacancies in the liquid that should becomeyescribed by the Einstein model for harmonic oscillations
evident as a decrease in coordination number. This is consigeglecting disorder. The temperature dependence of the vari-
tent with our experimental results and with the conventionahnces in the melt is similar to those in the solid. We argued
interpretation that thermal expansion in liquids is caused by gat this behavior may be due to a superposition of

decrease in coordination number rather than by an increasgmperature-dependent atomic vibrations and a temperature-
in nearest-neighbor distan€éUnfortunately, it is a system- independent structural disorder.

atic weakness of EXAFS that it is rather inaccurate in yield- |1 \was shown that the increasing amplitude of the atomic
ing coordination numbers. Therefore, the missing 50% coulq;iprations in the melt is not sufficient to explain the thermal
equally well be due to an increasing skewness of the distrigypansion of the sample, indicating that there is another im-
bution with temperature, which we did not consider in ourportant contribution to the thermal expansion of liquids from

analysis. Auxilliary information from diffraction experi- gither the reduction of the coordination number with increas-
ments is required to improve the accuracy and to confirm OUfng temperature or an increasing skewness.

assertion.
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