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Multiple-edge EXAFS refinement: Short-range structure in liquid and crystalline Sn
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L-edge extended x-ray-absorption fine struci@&AFS) spectra of solid and liquid tin have been collected
by using synchrotron radiation. Information on local structure has been obtained by simultaneous analysis of
Snls-, L,-, andL,-edge EXAFS spectra by using an original data-analysis scheme based aln ithigo
multiple-scattering GNXAS method. The use of the three edges allowed the extension of the energy range of
the useful data increasing the accuracy of the derived structural parameters. Details of the multiple-edge
data-analysis methodology are provided. The general interest of the method for multiple-edge structural studies
of monatomic and multiatomic systems is discussed. A very good agreement with diffraction data is found for
crystalline Sn. The first-neighbor distribution is studied as a function of temperature. Statistical errors on the
structural parameters are provided. The model pair distribution fungtionobtained by x-ray-diffraction data
is refined in liquid Sn afT=245°C. The EXAFS structural signal is shown to be very sensitive to the
short-range correlations. The foot of the first peak ofdkie) is found to be steeper and the mean distance is
found slightly shorter than previously indicated. Error bars ongfrg, due to random errors in the EXAFS
data, are also shown. The signature of a three-body signal assigned to short-range covalent tetrahedral con-
figurations is evidenced.

[. INTRODUCTION Ref. 9. Here, thd_-edge data analysis is successfully per-
formed using a novel approach based on the above-

Quite recently, several advances in x-ray-absorption finenentioned GNXAS method. A multiple-edge XAFS refine-
structure (XAFS) data analysis have greatly improved the ment is implemented in order to increase the accuracy and
accuracy of the structural information obtained from XAFS consistency of the structural results in the present Sruige
experimental data. Major efforts have been devoted to thease where the available energy range for each edge is quite
development ofab initio data-analysis methods based onlimited. In this way, a few structural parameters are used to
spherical-wave multiple-scattering codes. fit simultaneously the threk edges.

In particular, the GNXAS methdd has been used on It has to be stressed that, due to the narrow energy range
several molecular, crystalline, and disordered systems alwaysvailable, the Fourier filtering technique is not useful in this
giving very accurate results. Typical statistical errors werecase. Moreover, the present scheme for data analysis can be
found to be in the 0.001 A range for first-shell average boncasily extended to other multiedge studies of monatomic and
distance depending on the quality of the experimental datamultiatomic systems and deserves general interest.

This method is based onrabody decomposition of the In the present study the crystallif2Sn spectra are taken
x-ray-absorption cross section and presents several advaas reference for the successive study of liquid tin. Local
tages: (i) the configurational average of the multiple- structure information derived from XAFS data analysis is
scattering terms is properly accounted for providing a tool tocompared with the known crystallographic and vibrational
investigate three-body correlations in ordered and disorderedata.
systems;(ii) the raw absorption data are used without any Of course, the investigation presented in this work is of
filtering allowing to account for the presence of many-particular interest for the study of the liquid structure, for
electron excitations and to perform a full statistical analysisvhich the main information is currently represented by the
of the results. An updated list of references can be found istructure factor S(k) measured by diffraction. Many
Refs. 4 and 5. x-ray-1%~*2and neutroft~*°diffraction investigations of I-Sn

It is worth mentioning that this approach has been alsdave been carried out. Although quite scattered, diffraction
successfully used to investigate three-body correlations inlata just above the melting point always show the character-
disordered systems where covalent or nearly covalent bondstic hump after the firs§(k) peak. This feature is generally
are present® present in those elemen(iSa, Bi for examplewhose crystal

In this work | shall examine the case of theedge XAFS  structure shows a low degree of symmetry. Recently, reverse
of crystalline and liquid tin(l-Sn) as a function of tempera- Monte Carlo (RMC) techniques have been used to derive
ture. A few previous XAFS studies dealt with combinked realistic structural models in I-Sn and evidence for tetrahe-
edge data analysis, and made use mainly of very approxidral bonding was founé In view of the existing differences
mate relations between the;, L, oscillations and thd.; in the diffraction data and of the high sensitivity of XAFS to
one. An extensive literature and a discussion on problemthe very short-range local two-body and three-body distribu-
and methods to perforin-edge data analysis is contained in tions, the application of XAFS for the refinement of the local
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2000 A thickness was deposited using a Ta crucidipo-
50 mm sition rate of about 20 Ajsover the graphite substrate. Pres-
sure inside the deposition chamber was aboxl6~° Pa.
(iii ) A metal film (Sn Heraus 99.9999p6f suitable thick-
ness has been deposited using a W crudidéposition rate

Front view A 10 mm was about 1 A/s on the composite graphiteSiO foil
through a 515 mm mask. Pressure was maintained below 1
1 X10~* Pa.

(iv) A second layer of SiQthickness of about 4000 )A
was deposited on the whole surface of previously prepared

o "100 m composite substratgsteps(i)-(iii )].
Side view s The depositions were carried out at the University of
— e I-05um  Camerino using a Leybold-Heraus UNIVEX 300 evapora-

= T tion apparatus equipped with an INFICON XTM thickness
and rate of deposition monitor.
Sofilm graphite foil The technique illustrated at the poir(iﬁ_s—(i_v) allows one
(thickness~ 2 um) to prepare samples where the metal foil is folded between
two thin layers of an inert substance. In this case the silicon
oxide film was not found to react with the metal in the tem-

FIG. 1. Design of low-melting point metal sampléSn in the  perature range under consideratidn{300 °Q. At the same
present worksuitable for transmission XAFS measurements in thetime, the sample does not change shape as a consequence of
liquid phase. melting and can be safely measured in the liquid state.

. ) . ] . . Of course, this sample preparation technique works for
structure in I-Sn is certainly very interesting. Prevu.)us'ly, F’n'ylow-melting-point metals which do not react with SiO or
a very short report of a SK-edge XAFS study on liquid tin  graphite. For example, a similar sample preparation tech-
has been.publlshejd..Here, .the use of a large number of nique was used in a pioneering study on liquid Zfh&or
energy points associated with the, L,, andL; XAFS has  high-melting-point or highly reactive substances different
allowed an accurate refinement of the logét) of I-Sn. sample preparation methods have to be #8ed.

The paper is organized as follows: in Sec. Il a description The samples were measured at several temperatures
of the experimental details concerning measurements anghove and below the melting poinT (=231.9 °Q. Fast
preparation of samples is reported; in Sec. lll the multiedgexaANES (x-ray-absorption near-edge structuspectra were
data-analysis scheme is illustrated; in Sec. IV the multiedg@ecorded during the thermal cycles in order to monitor the
B-Sn data analysis is presented; results on I-Sn are reportegid-liquid transition. XAFS spectra in an extended energy
in Sec. V along with a detailed comparison with previousrange including all of the threk edges have been also re-

times (typically 10 s for each energy pojntNeither oxida-

ll. EXPERIMENTAL DETAILS tion nor loss of tin sample took place during the thermal
cycles. The final room temperature spectra were checked to
bee equal to the initial one within the experimental noise.

%€ n Fig. 2 theLs, L,, andL; x-ray-absorption coefficient

of liquid tin at T= 245 °C is shown. In spite of the relatively
large absorbance of the graphite foil at these energies, the
signal-to-noise ratio is found to be quite good, around 10
(see next sectignIn Fig. 3 theL; XANES spectra at differ-
ﬁg.t temperatures below and apc(waper curve the melting .
point are shown. The change in the local structure occurring
at the melting point is clearly reflected in the corresponding
hange of the XAFS pattern in the liquid phase.

SiO film

X-ray-absorption measurements near theLgnL,, and
L, edges were performed in transmission mode at the stora
ring ADONE (Laboratori Nazionali di Frascati, INBNvork-
ing at 1.5 GeV with a typical current of 50 mA during dedi-
cated beam time on the PUL@rogetto per I'Utilizzazione
della Luce di Sincrotronex-ray beam line, using a $111)
channel-cut monochromator @ 1 mmslit. Measurements
were carried out at several temperatures below and above t
melting points using a furnat®&working under vacuum con-
ditions.

A crucial problem to be solved is the establishment of a
suitable sample preparation technique. In fact, homogeneous
films of about 2um thickness have to be used in order to
obtain the best signal-to-noise ratio in the selected photon In this paper the first attempt of a multiedge study using
energy rangéaround 4 keY. Moreover, the sample has to be the above-mentionedb initio MS GNXAS method is pre-
designed in order to be able to resist to several thermadented. The method, as it has been shown in detail in previ-

Ill. MULTIEDGE ab initio DATA ANALYSIS

cycles below and above the melting point. ous publications;*® is based on a direct comparison of a
For this purpose, the following preparation technique wasnodel theoretical signal containing the relevant two-atom
used(see Fig. 1 and three-atom MS termsy(?) and y(®), see Refs. 1, 4, and

(i) A suitable low x-ray-absorbing substrate was chosen5) associated with selected atomic configurations with the
For this purpose standard Goodfellow>680 mm graphite raw experimental datdabsorption coefficienta,,,). The
foils of 100 wm thinness were found to be both a low-cost model signal« o4, Calculated using a model structure, is
and a high lifetime solution. then refined by minimizing a standajd-like residual func-

(ii) A SiO (Aldrich chemical co. 99.99%film of about tion:
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FIG. 2. RawL;-, L,-, andL,-edge absorption data of liquid tin

atT=245°C.
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In Eq. (1) the indexi runs over the numbeX of experi-
mental energy point&;, {A\}=(\1,Ay, ..
parameters to be refined and is the variance associated
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The model absorption signal associated with a se¥lof

different atomic edges is given by
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In Eq. (2) E is the photon energyy() , is the actual
XAFS signal containing the structural information related to
the selectedth edge(sum of integrals of the/" terms, see
Refs. 1 and 4-6 ¢’(E) is a step function accounting for
the atomic cross section of the absorption channel of interest.
Above the selected edge(’(E) is a decreasing smooth
function of the energy and can be modeled using a hydro-
genic functions or the McMaster tables. The background
apg(E) is modeled as a smooth polynomial spline account-
ing for the preedge and postedge contributions of all of the
absorption channels opened at lower energigs{E) is a
contribution in the postedge region accounting for possible
multielectron excitation channels for which several evidence
can be found in the literaturésee Ref. 21 and references
therein. The energyE(]’ defines the relation between the
theoretical energy scale associated with Xﬁ%a signals and
the photon energy scate. Usually theES) value falls a few
eV above the corresponding absorption threshold.

S3" and J; are both factors defining the intensity of the
model signalsg(') is a constant reduction factor accounting
for effective many-body correction to the one-electron cross
section. The scaling facta; accounts for the actual density
of the photoabsorber atoms. Due to the intrinsic uncertainty
in the threshold shape of{’(E) and to the inclusion of the
contribution of possible many-body channels into the absorp-
tion cross section, thd; can be determined with a relative
large relative error bataround 10 2). The uncertainty on
J; reflects naturally or$2") and therefore this last parameter
acts as a phenomenological correction accounting for both
many-body effects and uncertainty in the jump normaliza-
tion.

In order to comparex,,,q With the experimental data, the
model spectrum is also convoluted with the energy resolution
function of the monochromator. Other broadening effects due
to photoelectron mean-free-path and core-hole lifet{die
ferent for each edge are includedab initio in the complex
effective potential used to calculagd) .

The use of Eq(1) allows one to perform a full statistical
analysis of the structural results. In particular, it is possible to
obtain best-fit value$\ } ={N\}=(\1,\z, ... \p) along with
their statistical errors including correlation among different
parameters. This problem is treated in previous publications
and | will refer to them for all the detaifs® As mentioned in
the Introduction, typical standard deviations in the 0.001—
0.01 A range for first-neighbor bond distances have been
found.

There are several advantages in using the integrated mul-
tiedge approach presented in this paper: in fégtthe in-
creasing number of useful experimental points always allows
a more accurate extraction of the structural parameters;
moreover(ii) in cases where a narrow energy range is avail-

FIG. 3. Near-edge Sh; spectra at different temperatures in the able and XAFS signals are overlapping, as in the present Sn

solid and liquid phases. While the threa)( (b), and ) spectra

L-edge case, a robust estimate of the structural parameters is

recorded below the melting point preserve the same shape, the ligtill possible; finally(iii) for multiatomic systems consistent

uid spectrum(top) shows a clearly different pattern.

partial distribution functions can be easily extracted.
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results therefore overestimated and will not be considered.
Generally speaking, the pattern of théexpt) function de-
pends on the experiment itself, i.e., on the way of collecting
experimental data. For example, for measurements in trans-
mission mode the varianczeiz(expt) can increase in the near-
edge region due to the decrease in the transmitted flux of
photons, while using fluorescence detection the situation is
reversed. Moreover, the actual energy dependence of the in-
~ - - coming flux 1, can be considered, when important. In the
present SrL-edge case the increased flux at higher energies,
due to both the synchrotron radiation energy pattern and to
the decreased absorption of the windows and of the graphite
foil, leads to a slight decrease of the variance inlthespec-
trum. Furthermore, if increased acquisition times are used as
a function of the wave-vector valuk, it is clear that a
smaller variance should be associated to points at higher en-
P P I B ergies. An increased statistics is sometimes used in combina-
4000 4200 4400 4600 tion with an energy-dependent mesh of energy points and
E(eV) therefore a few points with smaller variances are collected at
high energies. In these cases, it is recommended to include
an appropriate weighting accounting for the lower statistical
FIG. 4. Estimated standard deviation of the ISpnspectrum of  error of the points in the higher-energy region.
Fig. 2. The dashed curve is the standard deviation function derived A second source of error contributing to the variance is
using Eq.(3). due to the model signat o4, Where possible uncertainties
come from the phase-shift calculation and modeling of the
Of course, experimental spectra should have signal-toPotentials, from intrinsic limitations of the underlying theory
noise ratios of the same magnitude in order to take full ad{for example, the “one-electron” approximatipmnd from
vantage of the multiedge technique. In any case, the propdhe lack of inclusion of specific multiple-scattering signals.
weight of different spectra contributing to the residual func-These modeling problems can increase the variarfcén
tion is accounted for by the variance functiof which will ~ Eg. (1). In fact, as thewyeq and ey, functions are statisti-
be clearly larger in case of noisy spectra. Therefore, it ially  independent, it is possible to  write:
important to discuss the criteria for the estimate of the vari-o? = criz(expt)Jr Uiz(mod)-
ance o associated to each point of the random variable The present status of the theory does not allow a precise
Qexpt— @mog- IN the following, the presence of systematic estimate of theriz(mod) in the general case. However, the use
errors in the experimental measurements is not consideredof the muffin-tin approximation has been proven to be very
The first contribution to the variance is due to the statis+eliable in the high-energy regim&t 4 A ~1). Non-muffin-
tical noise Uiz(expt) of the experimental measurement tin corrections and self-consistent potentials are generally
aexp( Ei). Depending on the experimental conditions, typicalused to investigate the near-edge region. Moreover, the con-

values foraf(expt are in the 10°-10°8 range. As a first vergence properties of the MS expansions allows a very ac-
approximation o ey, can be considered a constant through-curate modeling of the structurg(k) term at high energies,

out a single XAFS scan. However, the actual behavior of thdVhen only a fewy or x;, signals are used. The indetermina-
Uiz(expt) depends on the number of counts associated tétthe t|9n on the |n2tr|ns|cEo value is another_ source of error con-
energy point. tributing to o7 eq)- The effect of a variation oE, is obvi-

A simple way to estimate the variance of the dataOusly more important at lowek (k~vVE—Eo) values
% expy IS 10 model the absorption coefficient over a selected Ax(k) ~AEo/2k]. These arguments indicate that the high-
number of energy points with polynomial functions. This EN€rgy region of the absorption coefficient can be more ac-
works when the absorption coefficient is sampled using reacurately modeled. _ _
sonable energy steps and in presence of a smooth XAFS All of the above-mentioned sources of uncertainty have to
signal. be considered in the construction of a realisrfc. In prin-

As an example, in Fig. 4 thef(expt) pattern estimated CiPle, quite complex functions _accounting for the various ef-
using a seventh-order polynomial best fit over 50 experimentects could be used for the estimateadf. However, the use
tal L-edge XAFS energy pointgl-Sn) is reported. The ©f & simple power law accounting for all of the different
Zexpn) fUNCtion appears to be slightly energy dependent, a§or sources has been often preferred.

expected looking at the variation in the number of counts in 1 he following power-law expression

different regions of thev,, signal and considering the pres- D

ence of small glitches. The largely increased variance near o= 2 @ ®
the edgeg(dots is due to the decreased number of counts but : (expb kP

also to the presence of the white line and large XAFS oscil-

lations which are not correctly reproduced by the modelguarantees the fulfillment of the lower limit @f? at high

function. The increase of the variance in the edge regiornergies. In fact, the statistical noise of the experimental
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measurememd?(expn) is the lower limit for the variance. In TABLE I. Pair and triplet configurations in th8-Sn structure.

2 ; The distances are reported in A, the angles are in degrees. The
Eg. (3) a constant value Klexpy) instead of the actual degeneracyDeg) is specified for each configuration. The photoab-

‘Tiz((expt) .'S used, I%avmg the energy dependence only to- th‘éorber position for the triplet configurations is also speciffeds).
weighting factork; P . k .« is the upper wave-vector value in  pggsition 1 corresponds to the vertex between the two short bonds,
the XAFS spectrum under consideration. position 2 is at the end of the first borfavith length R;) and

It has to be remarked that the use of a power-law weightposition 3 is at the end of the second bond.
ing of the data is common practice in XAFS data analysis. In

fact, kP (p=1—3) weighting of XAFS data was originally  Peak R, Ra ()  Deg. ~ Pos.  Rpan
introduced in the standard Fourier filtering data-analysisp,g-atom configurations
techniques in order to compensate the amplitude decrease pf 3.022 4 3.022
the XAFS signal at higlk values. In the present context, the , 3.181 2 3.181
necessity of an increased weiglhdwer variancg at higher 3 3.768 4 3.768
energies is due to the reasons outlined above. 4 4.420 8 4'420
In Fig. 4 the dashed curve is the standard deviatign 5 4'931 4 4'931
calculated for the I-Sn spectrum using H) with p=2. 6 5.832 4 5I832

U(zexpt) has been obtained as an average omﬁ'(\&pt) values
(the near-edge overestimated valuesrﬁgxpt) are excludely ~ Three-atom configurations

neglecting the slight differences between thg, L,, and 1 3.022 3.181 74.74 4 1 4.986
Ls ‘T(Zexpt) average variances. The, functions obtained in 4 2 4.986
this way have been used both in tgeSn and in the |-Sn 4 3 4.986

cases for calculating the residual function. 2 3.022 3.022 93.97 4 1 5.232
8 2 5.232

IV. CRYSTALLINE TIN: RESULTS AND DISCUSSION 3 3022 3181 10526 . 4 , 1 : 265767
In this section the MS data analysis of theedge data of 4 3 5.567

B-Sn (white tin) is described. The modet:” (k) (i=1,3 4 3022 3768 8041 8 1 5605
signals associated with all of tHe edges have been calcu- 8 2 5.605
lated using two-body %(?)) and three-body 4(*)) terms as- 8 3 5.605

sociated with local two-atom and three-atom configuration$ 3.022 3.022 149.49 2 1 5.938
limited within 6 A. 4 2 5.938

Complex and energy-dependent self-energietedin-
Lundqvist (Ref. 22] have been used in the construction of
the nonoverlapping muffin-tin potentialgangent muffin-tin ¥ signals are also given in Table I. For thé?) two-atom
spheres have been chogéhThe proper core-hole lifetimes SignalsRy Simply corresponds to the interatomic distance
have been also included in the imaginary part of the potenwhile for the three-atomy!®) signals it corresponds to the
tial. half-perimeter of the triangular configuration. The configura-

In Table | the average coordinates and degeneracy of thigons are numbered according to thBjs, typical length.

B-Sn two-atom and three-atom configurations found within 6 There is an obvious hierarchical connection between the
A as derived from the tabulated lattice paramet&sf. 24  two-atom and three-atom configurations. The thRge R;,
and references thergiare reported. and 6 average parameters automatically define the third in-

As reported in Table 1, there are six irreducible two-atomteratomic distanceR3) of the triangular configuration. In
configurations inB-Sn. The y® signals associated with particular, the third, fourth, and fifth interatomic distances
these configurations have been calculated for all of there related to the first, secortfburth), and third triangular
L-edges. configurations, respectively. The sixth interatomic distance is

While the two-atom configurations are simply defined byrelated to the fifth triangular configuration. Therefore the
using the interatomic distance, the three-atom ones need two-atomy(® signals beyond the second shell can be calcu-
least three coordinates. The natural choice is given by thtated using the corresponding three-atom coordinates avoid-
two shortest interatomic distanc&, R, and the angle in ing the introduction of further structural parameters. In the
betweend. In B-Sn, there are five three-atom configurationsfollowing, a single effective MS signay® including both
showing a half-perimeter length withingt6 A cutoff. In this  the y(?) and they® contributions will be used for the shells
monatomic system the photoabsorbing atom can be in anlgeyond the second one using the same three-atom coordi-
position of these three-atom configurations. The tot&)  nates both for the two-atom and the three-atom terms.
signal associated with a certain three-atom configuration is The configurational average of the signals, related to
given by the sum of the signals obtained by changing théhe thermal motion and/or to the static disorder, is finally
position of the photoabsorber. Thus, the photoabsorber posperformed in order to calculate the, (k) signals to be
tion (pos) is an additional information given for the three- inserted in Eq.(2). In the following we will refer to the
atom configurations. The individual degeneracy is given bybond-length distribution associated with a selected inter-
the number of three-atom configurations per atom found iratomic distance as a “peak” of the two-atom distribution
the structure. function. Correspondingly, the distribution of the triangular

The main frequenciesRj,,) Of the corresponding XAFS  coordinates associated with a particular triangular arrange-
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FIG. 6. Fourier transforniFT) of calculated and experimental

FIG. 5. Best-fit MS signals for the Shz, L,, andL; XAFS L3 kx(k) spectra of room temperature crystalline tin. The broad
ky(k) spectra(left, middle, and right panels, respectivetgcorded ~ peak around 3 A*, observed in all of the3, L,, andL; cases,
at room temperaturé€22 °C). The overall agreement between cal- cannot allow standard data analysis based on Fourier filtering. In
culated and measured spectra is excellent. The dashed curves &€ L, andL, cases the larger noise of theg (k) spectra justifies
the extensions of the XAFS signal related to the previous edgeghe slight mismatch with the theoretical signal.
Notice the large amplitude difference between theandL; (L))

XAFS spectra. In the lower part of the figure the modk (k) and the

ment is a “peak” of the three-body distribution. experimental one are compared. The overall agreement be-

For Crysta”ine Systems at moderate temperatures Gausyyeen calculated and measured Spectra is excellent. The ac-
ian models for the peaks of the two-body and three-bodyord is slightly worse for the-, andL; edges where the
distribution functions are accurate enough to account fonoise on the&kx(k) spectra is larger, as shown by the residual
thermal vibrations. There are specific formulas accountingpectra that indeed contain mainly higher frequencies.
for the thermal and configurational average of two-atom, It must be stressed that standard data analysis based on
three-atom, on-atom MSy signals>>Moreover, several ~Fourier filtering could not be applied in this case because the
different approximations for the shape of the distributionFourier transform spectrum is not able to separate any dis-
function peaks can be used. For hot crystals, the harmonignct contribution in the absorption spectra. In Fig. 6 the
approximation fails and it is necessary to account for therourier transform(FT) of calculated and experimentél;
asymmetry of the peaks. Both the cumulant expansion oky(k) spectra of room temperatu@Sn are shown. Only a
suitable distribution curves can be used in these cases. Thgoad peak around 3 Al is observed in all thé 3, L,, and
overcoming of the Gaussian approximation is particularly| , cases. In thé , andL, cases the slight mismatch with the
important in the case of highly disordered and liquid systemsheoretical signal is mainly due to the larger noise.

(see next sectign In the preseni3-Sn case it is also very important to ac-

In the B-Sn case we have used an Eulérfunction to  count for the continuation of the XAFS signal of the previ-
describe the first-neighbor distributiéh?’ The distribution ous edges_ In F|g 5 the dashed curves are the continuation of
depends on three parameters: the uSuahdo” (interatom-  the XAFS signals related to the previous ed¢y the first
ic mean distance and variancand the adimensional skew- shell gives an appreciable sighain Fig. 7 the upper curve
ness parametgs=K/o>, whereK is the third cumulant of  shows theky(k) L, spectrum obtained without considering
the distribution. The introduction of a slight asymmetry hasthe overlap of thelL; XAFS signal. As thel; structural
been found important to model the first-neighbor distributionsignal is still quite large in this energy regiomiddle curve
in this low-melting point element. theL, XAFS turns out to be largely distorted. Providing that

In Fig. 5 the best-fit MSy signals for the Si.3, L,, and  the continuation of the.; XAFS signals is correctly sub-

L, XAFS kx(k) spectra(left, middle, and right panels, re- tracted, theL, XAFS become very similar to the; one as
spectively recorded at room temperatut@2 °C) are pre-  expected. It is important to remark that the XAFS signals
sented. From the top to the bottom th&’ signals associated associated with the threle edges are actually related to the
with the first two peaks of the two-atom distributiéfirst ~ same structural parameters, but the signals are obviously dif-
and second sheland thez(®) ones related to the first three ferent(in terms of phase-shift core-hole lifetimes and s¢.on
three-atom configurations are reported. B&) signals con-  Each individual XAFS pattern is thus an independent mea-
tain both the proper three-atom terp® and the two-atom  surement of the related structural observables. In the present
one (y'?)) associated with the longer interatomic distance ofcase, the power of the method is to be able to analyze these
the triangle(third, fourth, and fifth shell in this cageNotice  multiple-edge x-ray-absorption spectra extending the avail-
the remarkable amplitude difference betweenltheand the ablek range for theL; (andL,) XAFS and maintaining full

L; (L,) signals. consistency with thd., andL; XAFS, available in a nar-
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FIG. 8. TheLg, L,, andL; XAFS ky(k) spectra for solid tin at
various temperatures are shown. Differences due to the increasing
thermal disorder are clearly seen as a function of temperature. The
bond distance variance variation can be then measured with good
accuracy(see Table I).

k (zi-l)

FIG. 7. The upper curve shows the (k) XAFS L, spectrum
obtained without considering the overlap of theXAFS signal. As
the L5 signal is still quite large in this energy regiomiddle curve
the L, XAFS turns out to be largely distorted. The actual  ces have been used for the three-body distributibithe
kx(k) is obtained by adding thik; signal to the background as number of experimental energy points included in the fit was
explained in the text. about 550. It is also worth mentioning that the number of

fitting parameters does not exceed the estimated “number of
rowerk range. In this way a robust estimate of the structuraindependent data pointfN;,q~2AKAR/ .
parameters can be obtained. The statistical error of each structural parameter is indi-

The structural results obtained @hSn using the multi- cated in brackets in Table Il and corresponds to the 95%
edge fitting technique are presented in Table Il for three difconfidence interval in the space of the floating parameters.
ferent temperature®2, 80, and 145 °L The best-fit XAFS  Obviously, lower statistical errors are associated with signals
signals are shown in Fig. 8. A total number of 15 param-of higher amplitude and therefore, for example, the first-shell
eters have been used to calculate hgk) signal: the six bond distance is measured more accurately of the second-
parameters describing the first two peaks of the two-bodyghell one.
distribution R, o, and), the three angle variances defin-  In Fig. 9 some contour maps indicating the correlated
ing the three-body angular distribution,?g), threeSS factors  Statistical error on some important parameters are shown. In
andE, energies associated with each edge. The angle medrig. 9(a) the contour map in th&; — Eg3 parameter space is
values have been kept fixed and diagonal covariance matrgshown R, is the first-shell distangeAlthough those param-
eters are strongly correlated, the statistical error is found to
be + 0.003 A. It coincides within the experimental uncer-
tainty with the known crystallographic valusee Table )L
The E, values (determined within+ 0.2 e\) have been
found to coincide with the edge energies within a few eV. In
Fig. 9b) a similar contour map is shown for the second-shell

TABLE Il. Results of the XAFS structural analysis gFSn at
various temperatures.

T (°C)  Peak(shell RA) o210 2A? B

Two-atom configurations

distance. In this case the statistical error is found to be larger

2A1) L 3.019(3) 121) 0.21) (+ 0.02 A due to the weak amplitude of the second-shell
2 3.18(2) 5515) 0.66) signal. However, the final value coincides with the crystallo-
80(2) 1 3.022(3) 15(1) 0.5525) graphic one. In Fig. @) the R— 8 contour map is shown.
2 3.21(2 60(20) 0.1(8) The asymmetry paramete8 is found strongly correlated
1452) 1 3.023(3) 182) 0.6925  with R but is determined with a statistical error of about
2 3.22(2) 70(20) 0.1. This is not surprising a8-Sn is already a “hot” crystal
Three-atom configurations at room temperature and the h_armonic approximation is
Peak 1 2 3 likely to fail approaching the melting temperature.
T (°0) o2(°?) o2(°?) o2(°?) The mean interatomic distances do not vary appreciably
o o o increasing the temperature, but a clear trend in the distance
22(1) 3.5(1.0 25(7) 15 (10 and angle variances is found. A simple Einstein mddek,
80(2) 5.0(1.0 30(8) 15 (10) for example, Ref. 28 and references thereiith a stretching
1452) 6.5 (1.0 33(8) 20 (10) frequency of 3.4 THz, derived by the calculated phonon

spectrum at 300 KRef. 24 and references thergigives a
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o o . FIG. 10. Comparison between thg ky (k) spectra of solid and
FIG. 9. Determination of the statistical error on the main struc-jiquid tin. The large variation in amplitude and frequency of the

tural parameterga) Correlation map €,— R;) showing the statis-  XAFS signal is due to the change in the local structure occurred
tical error on the first Sn-Sn bond distance. The inner ellipse defineguring the solid-liquid phase transition.

the 20 statistical erro0.003 A in this case (b) Same correlation
map as shown iffia) but associated with the second Sn-Sn distance

In this case the error bar is larg@round 0.02 A because of the Table l) is very sensitive to the temperature increase. The

weak amplitude of the correspondingsignals.(c) Correlation map . . : TR
between theg skewness parameter associated with the firsr.angle variance is related to the distance distribution of the

neighbor distribution and the me#& distance. Although the error farther shell_s. In part?cu!ar, fthe firstg is associated with the
bar turns out to be quite large, a slight asymmetry is present. Therird-shell distance distribution that gradually reaches the un-
is also a large positive correlation between the mean distance argPrrelated limit increasing the temperature and approaching

the B parameter. the melting poin_t.
The overall picture that emerges from the data analysis of

value of about X10°2 A?, in qualitative agreement with B-Sn is that the preserdb initio multiedge data-analysis
the present results. The increasing values of the bond varKAFS technique is able to give quantitative information on
ance is also in qualitative agreement with the temperaturéhe local structure in agreement with previous measurements
dependence derived using the simple Einstein model. Ther calculation obtained with different techniques. The statis-
large value of the second-shell variance suggests that theal error on the first-neighbor distance distribution is found
atoms are practically uncorrelated. The present value is corte be very low and new information is given about deviation
sistent with the uncorrelated limit at 300 K derived by dif- from Gaussianity and angular distribution. As shown in the
fraction experiments and calculatiofa(u?)~4x10 2 A? next section, the short-range two-atom distribution is com-
(Ref. 29)]. posed by a superposition of overlapped peaks that broadens

The statistical error on bond variances is quite large and iin the liquid phase. The sudden change of the local atomic
is mainly due to the strong correlation with other parameterslistribution associated with the solid-liquid transition can be
related to the amplitude of the structural sigkfadst of all,  easily investigated by XAFS. On the basis of the results ob-
thesg factorg. In this Sn case, thsg values are found to be tained in theB-Sn case, quantitative and reliable local struc-
0.91(5), 0.935), and 0.8%5) for the L3, L,, andL, edges, tural information can be derived also for I-Sn.
respectively. Differences can be assigned to inaccurate nor- The next section is devoted to the study of the short-range
malization at the edgéestimate of the absorption jumnpnd  two-atom distributiorg(r) in I-Sn by XAFS.
to possible different weights of the many electron channels
just above the threshold that can increase the absorption
cross section but not the structural signal.

The increasing of the skewness param@exs a function TheL-edge XAFS of I-Sn shown in Fig. 2 has been ana-
of temperature is also very reasonable considering the vicinyzed using basically the same method described in the pre-
ity to the melting point. Although the statistical error is quite vious sections. The sensitivity of the XAFS pattern to the
large, the possibility of the measurement of the asymmetry o€hange in the local structure occurred during the solid-liquid
the distribution is very important to investigate anharmonicphase transition is evidenced in Fig. 10 where thg
effects in crystalline and noncrystalline systems. kx(k) spectra of the hot solid145°Q and liquid tin

Another very interesting information is represented by the(245 °Q are compared. A clear change both in amplitude
angle variancec(-f,). In particular, the angle variance of the and phase of the structural signal is found accompanied with

first three-atom peaksecond column in the lower part of

V. LIQUID TIN: RESULTS AND DISCUSSION
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FIG. 12. L3, L,, andL, pair contributions associated with the
r(A) two shells of neighbors(?, y{?)) describing the firsg(r) peak
(Ref. 10 and the long-range taih(?). Totalky(? (k) signal(solid)
compared with the experimental XAFS spectrig(k) (dotg. The

FIG. 11. Pair distribution functi r ri -r .
G air distribution functiory(r) as derived by x-ray residual curves are also showottom).

diffraction, tabulated in Ref. 1(diamond$. The decomposition of
the first-neighbor peak into oné and one Gaussian functions is o o .
shown(dashed curvesThe residualtail) curve accounting for the tion of the originalg(r) and an optimized best fit of the
medium- and long-range correlations is also shdenosses The ~ XAFS structural signal.

inset shows a comparison between the short rgfgg of liquid tin In Fig. 12 theky(® signals associated with the firkt
[diamonds(Ref. 10] and the room temperature pair distribution of function (y'?)), the second Gaussianyf’), and the tail
/3-Sn obtained in this work. (¥4?)) are shown for all of the. edges(upper curves The

a visible reduction of the high-frequency components related" have been calculated for fixed parazmett_arg(cm shape
to the second and farther shells. of I-Sn. The large amplitude of the flrsiyk )) signal confirm

Our knowledge of the liquid structure is mainly based onthe very high sensitivity of the XAFS to the very short-range
the two-atom(pair) distribution functiong(r) determined local structure. _ _ _
usually by x-ray- or neutron-diffraction experiments measur- The total structural signal obtained by summing the three
ing the structure facto®(k). Theg(r) shows usually a well- kY( ) terms is compared with the experimentgk(k) ob-
defined peak due to the first-neighbor distribution merging@inéd using the same procedures described in the previous
continuously into a long-range oscillatory tail. The I-§¢r) section(lower part of the figure The best-fit signals have
determined by x-ray diffraction and tabulated in Ref. 10 isbeen calculated using the same background modelsSgnd
shown in Fig. 11(diamond$. A comparison between the I-Sn factors obtained in th@-Sn case. The overall amplitude and
g(r) and theB-Sn one as derived from the XAFS data analy-Phase of the signal is correctly reproduced but a short-range
sis described in the previous section is shown in the insef€finement is still required. In fact, the residual culbet-
The dashed curves in the inset are the individual shell contom) shows a low-frequency pattern typical of short-range
tributions. The important difference, responsible of the largedistances that are not correctly accounted for by the model
change in the XAFS signals, is in the shape of the first peakd(r)-
Although the error bar is larger for higher shells, one can The short-range refinement has been carried out using the
notice that even thgs-Sn g(r) shows quite broad features modelg(r) decomposed into the twb functions plus the
related to the large values of the vibrational amplitudes.  long-range taif® The eight parameters of tHe distributions

The main contribution to the XAFS structural signal is has been floated and the tail has been kept fixed. In this way
related to the first-neighbor peak and thereforeky¢k) is  the g(r) long-range asymptotic behavior, obtained (k)
extremely sensitive to its shape. In Fig. 11 a convenient didiffraction measurements or even by computer simulations,
vision of theg(r) curve into the long-range taitrossesand  is retained while the short-range part is refined. It has been
two shells of first neighborédashed curvésis shown. The showr?® that in order to build a realistic refined model for
first shell of first neighbors is represented by a&unction  the short-rangg(r) it is very important to account for the
with parametersR= 3.21 A, ¢?= 5.07x 102 A? B= correct limit of theS(k) at k=0 (compressibility sum rule
0.44, and degenerady= 5.87. The second-shell peak is a This conducts to the introduction of a certain number of
simple Gaussian distribution witR= 3.95 A, o= 17.3 X constraints in the refinement process. For the particular case
10"2 A2, and degeneradyi= 7.22 (3= 0). The parameters ©Of two I' functions describing the first-neighbor peak
have been derived using a least-squares fitting orgfng.  the constraints areA(N;+N,)=0 and A[N;(Rj+a?)
The division of the firsg(r) peak into two shells has been +N,(R5+ a3)] =0 and the total number of parameters be-
found to be necessary for obtaining both a correct reproducsomes six®
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FIG. 13. Upper curves are the bestsfif) , ¥{?, and(fixed) tail
(14?) signals for all of thel edges in I-Sn. The totady (k) signal r(R)
(solid) is compared with the experimental curidots. The bottom
curve(res) is the residual signal. The high frequency residual found

in the L, case could be associated with three-body configurations _ FIG- 14. Pair distribution functiog(r) of liquid tin obtained in
(see Fig. 15 this work(crosses, solid curyeind compared with the origing(r)

derived by x-ray diffraction(diamonds, dot-dashed cujveThe
dashed curves are the tdibfunction peaks derived using the best-
In Fig. 13 the best-fity(?), y(#), and the(fixed) tail fit parameters by XAFS.
(y(TZ)) signals are shown for all of the edges in I-Sr{upper
curves. The overall agreement with the experimental spectra o 0 ) .
is very good. The refined value for the parameters oflthe obtained on liquid P! showing an apparent loss of coordi-
functions areR= 3.142(5) A, o= 3.67(12) x 102 A2, nhation numbe(about 0.5 upon melting, can be assigned to
B= 0.62(7), and degeneradyi= 5.13(6) for the first peak: the use of an effective single-shell term including only the
R=3.92(3) A, o2= 20(2) X 10" 2 A2, g= 0.9(2), and  Very short-range part of thg(r) (iike the y{? signal used in
degeneracN= 7.96 (6) for the second peak. The statistical this work. _ o
errors indicated in bracket@s), include correlations among ~_As shown in previous publicatiofis’ the XAFS spectra
different parameters. The parameters can be used to recopl disordered systems can contain important information on
struct theg(r) profile to be compared with the original the local three-atom distribution functigpn(ry,r,,6). Infor-
model. mation on the three-atom configurations is associated with
The refinedg(r) is shown in Fig. 14crossesand com- the appropriate signay(® to be calculated using the MS

pared with the originalg(r) derived by x-ray diffraction theory. They® term is due to all of the three-atom configu-
(diamonds. The solid curve is the best-fit XAF§(r), the rations but the leading term is obviously related to those
dot-dashed curve is the model one, and the dashed curves dryolving first neighbors. Therefore the leading frequency
the twol function peaks calculated using the best-fit param-R pam Of the ¥¢3) signal should be roughly equal to the semi-
eters. The error bars on the reconstruatgd) curve have perimeter of the shortest triangular configurations involving
been derived looking at the envelope of the familyggf) first neighbors, at least 3/2 timésquilateral configurations
curves obtained varying the parameters of fhwithin their  that (2R;) associated with the first-neighboy\® signal
statistical error limits. The high precision obtained in theshown in Fig. 13.
determination of the firsT" peak shape is reflected in the In Fig. 13 there is clear evidence of a high-frequency
very low error obtained on the first rise of thér). Forr<3 residual (res), not explained by the two-atony'?) terms,
A the absolute error on the height of thér) is in the 0.02—  especially in the low-nois& ; spectrum. The frequency of
0.05 range. The differences between model and refjfeyl the signal corresponds to that associated with local tetrahe-
are out of the statistical errors in this region. The steep rise idral configurations as it can be verified by direct calculation.
more clearly resolved in the present XAFS determination In Fig. 15 the comparison between a calculated three-
and the position of they(r) maximum is shifted toward atom+® signal and the residuéf x(k) — ] L3 XAFS is
shorter distancegaround 3.1 A instead of 3.2)ABeyond  shown. The calculated signal has been obtained considering
3.3 A the statistical error on the refinggr) is very large, perfect tetrahedral configurationsg£109.47°) and four
due to the low intensity of theky(ﬁ) signal, and no new neighbors at a distance of about 3.1 A. The configurational
reliable information is gained from XAFS. It should be noted average has been performed using a bond length variance of
that the coordination number measured by XAB8a under about 2.6x 10~2 A2 and an angle standard deviation of 9 °.
the firstg(r) peaK is consistent with that derived by x-ray- It is important to remark that analogous calculations carried
or neutron-diffraction measurements. Previous XAFS resultsut for the SnK edge show a very low intensity for the
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In particular, crystalline3-Sn has been studied between
room temperature and melting point at several temperatures.
Ly The multiple-scattering simulations included XAFS signals
up to the fifth coordination shell. A statistical analysis of the
structural results, taking account of the noise of the measure-
ments, has been performed. Interatomic distances coincide
with those derived from diffraction data within the statistical
K9 —r2() error (for first-neighbor distance has been found to be about
(exp.) 0.003 A). Absolute values and temperature dependence of
the first-shell bond variance? in 8-Sn have been found in
I°'°°5 qualitative agreement with estimates based on the phonon
density of states. A slight asymmetry of the first-neighbor
— ; — 'JL — distribution, increasing as a function of temperature, has
been detected and found statistically significative.
k (fi‘l) The liquid L-edge XAFS spectra have been studied start-
ing from a modelg(r) derived from x-ray-diffraction data.
The L-edge spectra have been found very sensitive to the
FIG. 15. Comparison between the three-atpffi signal calcu-  short-range atomic distribution and a refinement ofdke)
lated considering a distribution of first-neighbor tetrahedral con-at short distances has been carried out. The foot of the first
figurations(calc) and the residua[ x(k) — ¥®] L3 XAFS (expt).  peak of theg(r) is found to be steeper than that of the model
g(r) and the mean first-neighbor distance is found slightly
(@) o shortened. Error bars on tlggr), due to random errors in
¥ signal. Thus the.-edge XAFS spectra, although more the XAFS data, have been reported.
difficult to analyze, can actually contain detectable informa- The signature of a three-body signal assigned to short-
tion on the three-atom distribution. range covalent tetrahedral configurations has been evidenced
The agreement between the experimental curve and th@ liquid tin. The three-body signal intensity is found to be
calculation shown in Fig. 15 is quite good and suggests thguite large (10% of the total two-body oneup to about
existence of nearly covalent bonds in the |-Sn phase assodi~4 A~!. The present observation is in agreement with
ated with local tetrahedral order. These nearly covalentecent results obtained using the reverse Monte Carlo tech-
bonds represent the main contribution to the first peak of th@iques used in diffraction data analy?;‘fs,
g(r) (see Fig. 14and in our decomposition are a large frac-  The results on solid and liquid tin presented in this paper
tion of the first" first-neighbor peak. Information on the demonstrate the power and the reliability of the methodology
local three-atom distribution was also inferred from RMC herewith presented which could be certainly used in several
simulations applied t&(k) diffraction data® By using this  different multiedge studies of monatomic and multiatomic
technique, although th&(k) only contains information on systems. Among several interesting ordered and disordered
two-atom g(r) properties, a tridimensional model of the systems, molten salts as well as liquid and solid binary com-
structure consistent with the data is generated. In Ref. 16 jounds and alloys could be interesting systems for XAFS
was shown that signatures of local tetrahedral order argnultiedge structural studies.
found in the Sn liquid phase, in agreement with the present Moreover, in view of the large complementarity existing
result. A more detailed study on three-body correlations ombetween XAFS and diffraction spectroscopies further com-
liquids, and in particular on liquid tin, could be carried out bined applications using advanced simulation techniques are
combining XAFS and diffraction data and using the ad-strongly encouraged especially for the study of the short-
vanced RMC and GNXAS data-analysis methods. Theange two-atom and three-atom distributions in ill-ordered
present results strongly stimulate further work along thesend disordered systems.
lines.

k7 (k)
(calc.)

XAFS Signals (871)
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