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X-ray-absorption measurements of liquid and solid krypton at room temperature in the pressure range
0.1-30 GPa have been performed using the dispersive setup and diamond-anvil cells as a pressure device. The
evolution of the near-edge structures as a function of pressure, including the first intense resonance, has been
interpreted using multiple-scattering calculations. It is shown that the near-edge structures are reproduced
taking into account two-body and three-body terms associated with the first-neighbor atoms. Extended x-ray-
absorption fine-structur€EXAFS) spectra have been analyzed in the framework a multiple-scattering data-
analysis approach taking proper account of the atomic background includinglsde], [1s3d], and
[1s3p] double-electron excitation channels. Isobaric Monte C&VI€) computer simulations based on em-
pirical pair potentials, as proposed by Bark&?2) and Aziz (HFD-B), have been performed to make a
quantitative comparison of theoretical and experimental local structural details of condensed krypton at high
pressures. From the analysis of EXAFS data we were able to obtain simultaneous information on average
distance, width, and asymmetry of the first-neighbor distribution, as a function of pressure. These parameters
yield a unique insight on the potential function because they are affected by both minimum position and
curvature of the effective pair potential. The trend of the first-neighbor distribution as a function of pressure is
in quantitative agreement with the HFD-B potential at moderate pressures, deviations are found at higher
pressures where EXAFS spectra are very sensitive to the hard-core repulsive part of the potential. The weak
EXAFS signal of liquid krypton at room temperature and 0.75 GPa has been found in accord with the results
of the MC simulations within the noise of the measuremgd0.163-18226)06937-§

I. INTRODUCTION
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Measurements ofK-edge x-ray-absorption spectra of @

noble gases in a wide range of temperature and PressUlGihere the main contribution is due to the irreducible two-

gteosr?irzeeIzgt?;%?cf:t?sgtrgreengaflt;]r:at;rae;t'stTerr]r?sS:/ThFi)::lﬁltii gfrrfgigody V(@ potential, while the three-body interaction is a
y ' mall perturbation. Accurate expressions for the pair interac-

unaffectgd in the solid or quuid phases, makes current APion, based on a wide range of experimental data, have been
proximations for the calculation of the x-ray-absorption sig-, o ,osed. Several different potentials have been used for Kr,
nal quite reliable. Moreover, structural properties of nobleq \ill consider the K2 potential proposed by Barletral
gases in condensed phases are well known from diffractiognq the HFD-B proposed by Aziz and Slanfafihe leading
experiments and can be accurately predicted by suitablgany-body correction is currently accepted to be accurately
simple empirical interatomic potentials. For these reasons, ofeproduced by the Axilrod-Teller-MutgATM) triple-dipole

the one hand, due to the reliability of the calculations, thefynctional form.

theory of the x-ray-absorption spectroscofXAS) can be Accurate ensemble averaged structural properties can be
put to a severe test; on the other hand, it is conceivable thajalculated, fromU(q), by computer simulations or integral
the analysis of the XAS data can provide additional reliableequation techniques and can be compared with available ex-
structural information. This is expected to be valuable expeperiments. Neutron-diffractiofND) measurements in the
cially for the short-range shape of the interatomic interactiondense gas phasevere found in slight disagreement with the
Among the noble gases the most suitable to perform XASsirial expansion and Monte CarlgMC) simulation results
experiments is certainly Kr which is the subject of theeven after inclusion of the ATM term. Aers and

present paper. Dharma-wardarfshave shown instead a good agreement be-
For noble gases the potential energy is accurately modween ND data and hypernetted-chain calculations and also
eled by an expression of the type pointed out that the effect of ATM forces is expected to
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decrease with increasing density. Barkeerformed MC cal-  cal bond it is possible to follow the gradual transition of the
culation for fluid Kr up to 0.03 mol/crh density showing spectrum from that of an isolated atom to that of the atom
high accuracy in the pressure and internal energy predictiorgmbedded in a condensed medium at high density, for in-
from a K2+ATM potential. Friedrikz& found instead that Stance by increasing pressure. Under these conditions it is
this potential cannot describe adequately his ND data alongXpected to be possible to follow the modification of the Kr
the subcritical and supercritical isotherms at 200 and 220 kSPectrum associated with the gradual onset of a rigid first-
Calculations were performed using MHNC equations andeighbor cage. The. use of an advanced muIUpIe-sc_atterlng
molecular dynamics. More recently Barocchi and co-worker&XAFS data-analysis method has allowed us to retrieve re-

performed high precision ND measurem&ntof liquid Kr liable structural information on the short-range pair distribu-
i&n function. Structural results as a function of pressure can

just above the coexistence curve that represent a severe t . ' _
e then compared with those derived from computer simula-

for the interaction potentials. Theoretical structure factor T d ' : 100! 0 i tigate the details of
calculated with the MHNC equation using the theory devel- lons and provide an unique ool to investigate the details o

oped by Reatto and TAhave shown that inclusion of the the interatomic potential. In particular, the results of a high-
ATM effective interaction reduces considerably the discreppresf5ure XAS gxperlmgnt are qu!te mterestlr_]g since they
ancies with the experiment. The isothermal density derivaProvide further information on the inner repulsive core part

tive of the structure factor was found to be extremely s;ensipf the pair inter_action an_d can put o a test current approxi-
mations of the interatomic potential.

tive to the potential models. In view of these results, the Th ; ed as foll “in Sec. Il a d inti
possibility to compare theoretical calculation with different € paper IS organized as Toflows. In Sec. 11 a description
f the experimental details concerning measurements and

experimental structural determination as those performed b ; . .
reparation of samples is reported; in Sec. Il the trend of the

XAS, possibly in a wide range of temperature and pressures, : R :
is thus extremely stimulating. near-edge structures as a function of pressure is discussed in

SeveralK-edge XAS measurements of atomic Kr in dif- light of mdul'?ple-sfctzri]tterltng _cz:)lcu:;atmns;d in lsgf:‘ I(\j/ tgle
ferent phases have been reported. Various studies of x-ra _lropter mo eft'nt:q ot Ea omgl at(r:1 gIrEO)?RFéngut Ing lou. e
absorption spectra of gaseous Kr under low-pressure con ~ectron excitation 1o be used in the ata analysis, 1S

tions, focused on the understanding of the threshold featur pose(_j; n S_.ec. v th? results of congtant pressure Monte
from an atomic-physics standpoint, have been publishe arlo 5'”“_"?“'0”3 of hlgh-pr_essure solid and liquid Kr are
since the advent of synchrotron radiation’’ Differences presented; in Sec. VI and in Sec. VIl the results of the
between the XAS spectra of gaseous and solid(dtrlow EXAFS data _anaIyS|_s on hlgh—pressure and room-
temperaturewere early recognizetf, and the intense thresh- temperature solid gnd I|q_U|d _K( are d|scussed_and compared
old features in the solid phase spectrum were reproduced b ith Monte Carlo simulations; finally, Sec. VIl is devoted to
x-ray-absorption near-edge structufXANES) multiple- e conclusions.

scattering calculations and identified as resonances in the

continuum?® A XAS investigation of solid Kr at room tem- Il EXPERIMENTAL DETAILS

perature, under high-pressure condition in the range from 1.6

to 20 GPa was previously performed with a diamond-anvil High-pressure x-ray-absorption measurements were per-
cell (DAC) and a dispersive setf.A very intense first formed using the dispersive setup and standard diamond-
resonancdreferred to as “white line” in the following is anvil cells as pressure devices. A diamond-anvil cell
observed and the analysis of the fine structure yielded stru@quipped with Ta gaskets was used for measurements in the
tural results in agreement with both x-ray-diffraction andrange of pressures 0.1-8.0 GPa. A second anvil cell
theoretical calculations. A study of two-dimensional con-equipped with diamonds of smaller size and stainless steel
densed phase of Kr o#Y X graphite substrates was per- gaskets was used for higher pressures in the range 8—30 GPa.
formed indicating large thermal fluctuatiofisDifferences in  The starting thickness of the inner region of the gaskets was
the extended x-ray-absorption fine structyEEXAFS) be-  about 50um. Pure krypton was loaded into the cell by con-
tween the disordered and incommensurate phases were diensation of gaseous Kr upon the diamonds maintained in
tected. A further experimental study was performed on iondirect contact with a liquidN, bath.

implanted Kr in solid matrice& The typical XANES pattern Kr K-edge EXAFS measurements have been recorded us-
suggested that at high dosages Kr precipitates into highing the dispersive setup available at LURE and synchrotron
pressure bubbles. radiation emitted by the DCI storage ring operating at 1.85

Stimulated by the recent experimental advances in th&eV with typical currents of 300 mAbeamline D112* Par-
high-pressure EXAFS technique and by the theoretical adticular care was adopted to improve the quality and energy
vances in the interpretation of the absorption cross sectiorgxtension of the spectra. Appearance of strong Bragg peaks
we have undertaken a complete XAS experiment on highfrom the diamonds was avoided by optimizing the position
pressure phases of Kr. The main experimental objective wasf the cell and of the two diamonds.
to extend the pressure interval of the previous experifient Measurements covered the pressure range 0.1-30 GPa at
to include spectra of the liquid phase below 0.8 GPa andoom temperature. Pressure was measured before and after
higher pressure solid phase spectra in an extended energach EXAFS scan by using the standard ruby-fluorescence
range. The maximum pressure that can be reached is, howechnique®®
ever, still below that of the predicted fcc to hcp and metalli-  The liquid-solid phase transition takes place at 0.847 GPa
zation transitiong® at 300 K Several low-noise measurements at different

From the XAS theory standpoint a quite interesting prop-pressures were recorded for liquid Kr between 0.1 and 0.75
erty of noble gases is that due to the weakness of the chemzPa and for solid krypton above about 1.2 GPa. Previous
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measurements had been performed in a narrow energy region A N I
and only for solid Kr in the range of pressures between 1.6

and 20 GP&°

In the present case, the larger size of the krypton sample frg\ 8.0 dPa
used for measurements in the range 0.1-8 GPa allowed us to i= 4.0 QPa
perform accurate EXAFS measurements at lower pressures. = 2.0 QdPa
The available energy range was also extended to about 300 o 1.15 GPa
eV above the KK edge. Low-noise spectra were obtained fa; 0.75 GPa
by summing 60 spectrd 024 pixel dath each one recorded - 0.60 GPa
with a total integration time of about 14 s. Accurate measure- ko) 0.35 GPa

. L =3 0.1 GPa
ments of the x-ray-absorption coefficient of gas-phase Kr ey
were also performed both using the dispersive setup and in 5 gas
transmission mode using a conventional channel¢8Gt) 3
<t Kr T = 300 K

monochromatorbeamline D42 at LURE Signal-to-noise
ratios of about 18 and 5 x 10" were attained for high-
pressure spectra and gas-phase experiments, respectively.
Measurements of the atomic background are particularly
important for reliable studies of the x-ray-absorption fine
structure in condensed phases. In fact, the gas-dh#s®io
Kr K-edge absorption coefficient shows well-defined and in-
tense features due to double-electron channels. In our case, FIG. 1. K-edge XAFS spectra of gaseo(lewer curve, liquid
the atomic background has been also used to determine th@1-0.75 GPr and solid Kr as a function of pressure at room
calibration of the photon energy scale. The atomic backiemperature.
ground recorded on the 1024 pixel scétispersive setup

has been reproduced by means of a fitting program using ghases. The EXAFS oscillations are very weak at low pres-
a model the same gas-phase spectrum recorded scanning §jges therefore the edge features are the most sensitive sig-

photon energy with th¢331) channel-cut monochromator npatyres in the x-ray-absorption spectra for local ordering in
(beamline D42 The strong resonance due to thes4p]  condensed Kr.

double-electron shake-up channel and the other features due The near-edge structures were calculated by using

to the[1s3d] and[1s3p] channels, discussed in Sec. IV, myltiple-scatteringMS) theory within the one-electron and
allowed us to define the energy scale up to 300 eV above thgyffin-tin approximations. In this case, due to the absence of
edge in a very accurate way. The energy scale resulted to R@valent bonding and to the large interatomic distances, the
almost linear as a function of the pixel number: myffin-tin approximation is expected to be very accurate.
E=a+bn+cn?+dn®, where a=14225.4 eV,b=0.8611 The cross section was calculated according to the usual
eV, c=-0.3153<10"* eV, d=0.4162<10"" eV. The ac-  expressioff"2® of the polarization averaged cross section
curacy of the energy scale was also verified by looking at thgajid for transitions to a dipole selected final state, using the
Au L; EXAFS of pure gold recorded after each scan and cagontinued-fraction expansiéh method. Phase-shift matrix
be estimated to be better than 2 eV in the region of EXAFSF was evaluated using a Hedin_Lundqvist Comp|ex

spectra under consideration. The relative accuracy of the ermcchange-correlation self-energy accounting for inelastic
ergy scale of the EXAFS signals recorded at different presigsses of the photoelectrdf.
sures is estimated to be better than 1 eV. The K-edge x-ray-absorption cross section was initially

In Fig. 1 x-ray-absorption measurements of gaseous Kgalculated for face-centered solid Kr at about 8 GPa with
(lower curve, liquid Kr between 0.1 and 0.75 GRstarting  jnteratomic distances derived from previous diffraction mea-
from the lower curvg and solid Kr(upper curveb are  syrements. Cluster of 13, 19, 43, and 55 atoms including the
shown. A spectacular trend of the edge features is observeglst second, third, and fourth shell, respectively, were used
as a function of pressure. The liquid-solid transition, moni-for MS calculations. We verified, in agreement with previous
tored during the experiment using an optical microscope, igindings!® that the near-edge structure calculations converge
clearly associated with an increase of the EXAFS intensity iNrapidly and the asymptotic behavior is readily obtained using
the absorption signal. The characteristic white line appearghe smaller cluster with only first neighbors. We used differ-
and increases as a function of pressure, in condensed phasgf real and complex exchange-correlation potentials and dif-
This feature isabsentin gaseous Kr as is well knowfi:****  terent nonoverlapping muffin-tin radii obtaining always
In the next section we discuss the fine structure of the neakjmilar results. In particular, the white line is simply obtained
edge absorption spectra in the framework of the multipleincjuding the first-neighbor environment. The appearance of
scattering theory. the white line is due to a multiple-scattering resonance re-
lated to the rapid variation of the=0 phase-shifts near
/2 just above th& threshold®!

In Fig. 2 theK-edge x-ray absorption cross section calcu-
lated using MS theory is reportddolid line). The MS cal-

The evolution of the absorption spectra reported in Fig. Iculations shown in Fig. 2 were performed including only first
shows that an intense white line grows up at theedge neighbors at a distance of 3.40 A. Core-hokeuidth (full
energy threshold as a function of pressure in the condenseslidth 2.34 eV, see Ref. 32and experimental broadening
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Ill. NEAR-EDGE STRUCTURE
IN Kr CONDENSED PHASES
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0.012 [~ ] the convergence of this series is never worse than that of the
r ] corresponding multiple-scattering expansion while, in addi-
- . tion, a more clear physical assignment of the features can be
0.010 _I_I 1 1 | 1 1 A 1 | 1 1 1 1 |__ performed'
14330 14340 14350 In solid Kr, the convergence of the-body expansion is
E (eV) fast andn>3 terms give a negligible contribution to the

x-ray-absorption cross section. In Fig. 2 the partial two-body
_ _ ~ag + @, three-bodyo, + o, and higher-orderr, +

FIG. 2. K-edge x-ray absorption cross section calculated usingy 4 cross sections are reported showing the rapid conver-
multiple-scattering theory. The full multiple-scattering calculation gence of then-body expansion. The, + @ + 3 cross-

(Full MS, solid ling is able to reproduce the characteristic white section(dashedincluding only the two-body and three-body

line observed in Kr condensed phases. The atokivedge one- o yibtions approaches that calculated using all of the

electron cross section is also shown(dotted curve The two- n-body configurations. The higher-ordep, + o3, Cross
" n>

body oq + o, three-bodyo, + ¢ and higher-orderr, + ! . .
("3 partial cross sections are reported showing the rapid convergectlon follows substantially the underlying atonkeedge

gence of ther-body expansion. The, + o? + ¢ cross section one-electron cross sectiar,.
(dashedlapproaches that calculated using all of thbody configu- Figure 2 shows that MS two-body and three-body terms
rations. are sufficient to explain near-edge structures of solid Kr. In

practice, even the white line is mainly due to the partial
. . two-body cross section(?), associated with a single struc-
(total width of about 3 ey were also considered. The full 5| harameter: the interatomic distance. B® cross sec-
multiple-scattering calculatiofull MS, solid line) is clearly  ion can be also decomposed into partial contributions asso-
able to reproduce the characteristic white line observed in Kgjated with different triangular configurations found in the
condensed phases. . . _ fec first-neighbor structurésee Sec. V)l However, all of
The full MS calculation contains the multiple-scattering these configurations give x-ray-absorption signals of similar
contributions of any order related to the position of all of theintensity and they can hardly be decoupled.
atoms of the clus.ter. A deeper insight on the rela_tionship The “calculated x-ray-absorption cross section shows a
between the atomic structure and the x-ray-absorption cro§gasonable quantitative agreement with the experimental
section can be obtained using the irreduciiibody partial  yata. In Fig. 3 the near-edge experimental data of solid Kr
cross sectiongr™.?® Indicating with o(")(0)=0 the ab-  are compared with full MS calculations. Results are pre-
sorption cross section due to the presence of a the singlganted as a function of pressure and the overall agreement
photoabsorber atom (atomic cross sectignthen the two-  petween calculations and experimental data is good. These
body cross section associated with the presence of the atoga|culations were carried out using constant muffin-tin radii
I1s and nearest-neighbor distances of about 3.85, 3.75, 3.61, and
3.40 A obtained from the cell sizes derived from previously
published x-ray-diffraction and absorption experiments at
a'?(0j)=0c(0i)~o'M(0). (2)  about1.15, 2, 4, and 8 GPa, respectively. A clear trend of the
near-edge structure is observed as a function of pressure.
A continuous regular change in the energy position of the
In an analogous way, the irreducible three-body contribuwhite line and a more visible shift of the second péa&e
tion associated with the simultaneous presence of the atong. 3) are found increasing the pressure. The change in the
i andj is defined by energy position of the maxima and minima of the fine struc-
ture is directly related to the variation of the interatomic
distances through the spherical-wave propagator m&rix
a®(0,i,))=0(0j,j)— ?(0j)— o?(0,))— o Y(0). appearing into the expression of the MS absorption cross
3 section(inversion of the matriX —GT). A second interest-
ing feature is the increase of the white-line intensity as a
function of pressure. This phenomenon has a less straightfor-
In general, for a cluster oh+1 atoms the total cross ward explanation but can be still reproduced by MS calcula-
sectiona(0,,j, . . . ,n) can be written using an useful expan- tions shown in Fig. 3.
sion in terms of the irreducibla-body cross sections: The energy shift found by increasing the pressure can be
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E (eV) FIG. 4. AbsorptionK-edge excesaa as a function of the en-
ergy above the thresholH; in gaseous Kr. Arrows refer to the
thresholds for shake-up channels involving the additional excitation
of 4p, 4s, 3d, 3p, and 3 electrons, respectivelisee text The
é)riginal gas-phase KK-edge absorption spectrum is shown in the
inset.

FIG. 3. Full MS calculationgcalg compared with near-edge
experimental data of solid Kfexp) as a function of pressure.
Agreement between calculations and experimental data is goo
The trend of the intensity of the white line is reproduced only when
phase shifts are calculated for the actual interatomic distances. The . .
experimental cross section at high energi€s>(14 340 eV is tensities and shape of the double-electron channels are re-

higher due to the double-electron chanpk$4p] contribution. ported i_n Ref. 17. .
In Fig. 4 the K-edge absorption spectrum of gaseous

simply accounted for by changing the interatomic distance&rYPton is shown in a large energy intervaised. Features

in the propagator matri. Conversely, the increase of the associated with Fhe opening of the dggble—electron excitation
intensity of the white line can be obtained only when phaséhannels are evidenced in the magnified plot shown in Fig. 4
shifts (matrix T) are calculated each time using the actual®POrting the dimensionless absorption exckasas a func-
interatomic distances. The increase of the intensity of thdion of the energy above threshdiq (defined by the inflec-
white line in the MS calculations is due to the slight changelion point of the absorption.=14 323 eV. A« is calcu-
in the phase shifts, due to the increased overlap of the 1kated subtractmg an average linear dec_ay from the absprptlon
nearest-neighbor atomic charge-density tails following theSPectruma(E) fitted in the EXAFS region, and normalized
contraction of the interatomic distances. A slight change irf® theK-edge discontinuity. .

the phase shift=0 curve produces visible changes in the ArTOWs in Fig. 4 indicate calculated excess energies re-
cross section near the resonance. As a result, the cross séilired to excite additional electrons leaving double-hole
tion near a multiple-scattering resonance is more sensitive tolS4P], [184s], [1s3d], [1s3p], and[1s3s] configura-

the details of the atomic potential and the fact that thelions on the Kr atom. Clearly, arrows in Fig. 4 are in agree-
present muffin-tin potential is able to reproduce the trend ifment with the visible anomalies of the atomic Kr absorption
the intensity of the white line is a proof of the accuracy of SPECtrum. o _ .
this approximation in the present case. Of course, the sensi- 1he Onset excitation energies were calculated by differ-
tivity of the x-ray-absorption cross section to the details ofénces of total energies of the atom([ibs] single-hole and
the potential (phase shifts is certainly less important at double-hole configurations. Total-energy calculations were
higher energies, in the EXAFS energy region where a re”p_erformed using a relativistic self-consistent schéfrener-

able quantitative data analysis can be performed. gies of the onsets were obtained starting from shake-up con-
figurations where the additional electron is promoted from a

specified core level to the first empty level with the same
angular momentd and j, following the same procedures
As it has been pointed out in many recent papers, a reliused in Refs. 35 and 36. For example, in {Hes;,4ps]
able extraction of the EXAFS structural signal can be carrieccase, the g3, electron is promoted into the first available
out only after performing a careful determination of the p state (93). The onset energies are reported in Table |
atomic background In fact, atomic background has been and provide an estimate of the lowest energy required to
often found to be affected by anomalies associated with theromote the second electron in the presence of thedte
opening of double-electron excitation channels. hole. Energy values are in substantial agreement with previ-
Noble-gas spectra, being the most simple and tractableus calculations reported in Ref. 14. However, features asso-
cases, were accurately studied. In particukwedge x-ray- ciated with the opening of the double-electron channels are
absorption spectrum of atomic Kr has been studied by sewisually spread over energy regions of about 5—20 eV around
eral scientists in the last ten yeafs'’Well-defined features the shake-up threshold due to multiplet splitting and to the
associated with core-level double-electron excitation chanepening of the shake-off transitions.
nels have been identified by several groups. Calculated in- As discussed in Ref. 17 the Kds4p] cross section ex-

IV. ATOMIC BACKGROUND: GASEOUS KRYPTON
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TABLE |. Differences of total-energy calculations between excited shake-up stateK-adde con-
tinuum threshold for Kr Z=36) based on Dirac-Fock total-energy calculations. All energies are in eV.

AE(4ps)  AE(4pi2) AE(4sy) AE(3dsp) AE(3dyp) AE(3psr) AE(3pi2)  AE(3sy2)

20.3 211 33.4 115.2 116.7 233.8 242.7 301.1

hibits a resonance structure at about 14 345 eV associated The third and fourth features associated with fhe3d]

with bound to bound &4—>np, 1s—>n’'p transitions[in-  and[1s3p] channels, respectively, show well-defined dis-

dicated ag 1s4p] (1) in Fig. 4]. Above this resonance struc- continuities and were simulated using a steplike function of

ture, the double-electron cross section rises due to the cothe type:

tribution of the[ 1s4s] and[ 1s4p] (1) shake-up and shake-

off transitions(see Fig. 4. The[1s3d] and[1s3p] channels SE_E AE 2

show no resonant structures, but the rising of the cross sec- (1_ — q)[l_( 4 ) }g(E_E ). (7)

tion and their typical shape is evidenced in Fig. 4. The slight 3 Eq E—-Eq+AE, d

slope change observed Xw, hardly visible on the scale of

Fig. 4, is assigned to thiel s3s] contribution. where 6 is the Heaviside function: 6(E—Eg)=0,
The atomic absorption shown in Fig. 4 can be modelqu_Eq)<o; O(E—Eg) =1, (E—Ey)=0.

using simple empirical functions describing the shape of the The function(7) is able to reproduce the shape of the

double-electron channels and a polynomial spline accountingg s3d] and[1s3p] absorption channels in the vicinity of

for the pre-edge and post-edge one-electron background cothe threshold in a quite accurate way. Best-fit values were

tribution. The model curve is the solid line in Fig. 4 and J4=0.0105), E,=14435(10) eV,AE,=40(20) eV and

reproduces the experimentik pattern within the statistical Jq=0.0011), E,=14570(20) eVAE,=10(5) eV for the

error. This background shape is transferable to the liquid anfl1s34] and[1s3p] channels, respectively. The asymptotic

solid Kr absorption spectra. Its use is essential to determingehavior of the double-electron absorption channels at high

the structural signal with reasonable accuracy because, espghergies and th1s3s] contribution are easily reproduced

features is of the same order of magnitude of the EXAFS;¢ccount in the background model.

oscillations. The background parameters were individually

refined for each spectrum of solid and liquid Kr but the same

pattern of discontinuities found for gas-phase Kr was main- V. LOCAL STRUCTURE OF CONDENSED KRYPTON:

tained. No significant differences in the energy values were COMPUTER SIMULATIONS

found while the magnitude of the discontinuities, instead, R . i i

was found to vary slightly as a function of pressure. This A deep insight into atomic interaction potential and struc-
may reflect changes in the double-electron excitation cros&!ré of a condensed system can be gained by comparing ex-
sections due to the induced modifications in shake-up finalPerimental determinations with theoretical calculations. In

state orbitals. particular, comparison of results obtained using computer
The bound to bounfils4p] (1) feature was modeled us- simulations and XAS can be very useful to investigate short-
ing a Lorentzian function of the photon energy range structural properties. In the specific case of noble

gases, including Kr, the very reliable existing potentials can
be used to model the structure of condensed phases. A large
1 number of investigations have been performed in the past in
Ji 1+[(E-E)/AE > G awide range of thermodynamic conditions, both using com-
puter simulations and integral equation technicftié8in the
present study we performed a series of constant-pressure
- classical Monte CarloMC) simulations in configuration
(3), By = 14 3441) eV, AE, = 6(1) eV. A 2% heightof the  ¢506 covering the region investigated by the experiment.
bound to bound fea_lture relative tq tl’(edlscontln.wty ISin " This specific simulation technique was chosen because
good agreement vv_lth the calculation reported in Ref. 17 fExAFES probes only equal time structural properties which
the energy res_olutlon of the monochromator is taken intaye correctly sampled in the\(P,T) ensemble in this way.
account(total width of about 3 ey. , Quantum corrections are negligible in the investigated range.
The second feature associated with thes4s] and  rq yeason to undertake specific simulations was due to the
[1s4p] (II) shake-up and shake-off transitions was modeledyc that we wanted to focus on several structural observables
using an arctangent function that are seldom taken into consideration. Moreover, specific
simulations can be performed at exactly the s&hiE values
arctafi(E—E,)/AE,] 1 as t_he exper_iment. Pres_,en_t simulations are based on pair po-
+=|. (6) tentials. While the limitations of these models are well
m 2 knowrf—10 they represent a firm reference for comparison
with experimental data. The differences between simulations
Best-fit values were found to beJ,=0.0355), based on pair potential and experiments can then be ascribed
E,=14 355(5) eV, AE,=9(2) eV. to the effect of higher-order potential terms.

Best-fit values in gas-phase Kr were found toJpe= 0.021

a
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A. Technique

Techniques for performing MC simulation in the N 3 5000
(N,P,T) ensemble are well establisiécind are based on ' ]
the random sampling of the configurational space with the
weight

exg —W(q,a;P,T)]=exd —BU(q,a) - BPV], (8)

where 8=1/kgT, U(q,a) is the internal energy, function of =~
the particle coordinateg and lattice parameteaa, P is the [l o
pressure, andf =N.a® is the total box volume. In the present
case we used a cubic box with periodic boundary conditions :
containing 500 or 864 atomisvith N.=5% or 6%) and fcc oL i - = s
cells. 2.5 3 3.5 4 4.5 5 55

The cubic lattice parameteris a random scaling variable r (&)
subject to the MC random process like the atomic positions
are. At each step first a particle movement is performed with FIG. 5. Upper right diagrams: potential curves for the HFD-B
standard Metropolis algorithm then a lattice parameter ad(Ref. 2 (solid line) and K2 (Ref. 1) (dashed ling pair interaction.
justment is attempted. The latter affects btk Nca3 and  They differ mainly in the hard-core repulsive part shown on a loga-
U. In the present case, for a general pair interaction, néithmic scale. Lower Ieftdiagram_: On_ thfe same distar_me scale, first-
simple scaling procedurgscan be applied and in principle nglghbqrs bond-lgngth probability dlstrlbgtlons obtained from the
all the interactions need to be recalculated, which is a tim imulations of solid Kr at 300 K as a function of pressure at 30, 15,

consuming process. In practice we approximate the function’ 4, 2, and 0.75 GPEHFD-B potential. The latter curve is for a
superheated solid.

AW=W,,, 5—W,=BPN] (a+ 8)3—a3
(aro~ Wa=BPN[(a+9) ! unity. Normally around 100 000 moves were sufficient for

+B[U(a+d8)—U(a)] equilibration apart from the region around the melting tran-

_ 3 .3 sition.
~BPNJ[(a+d)”—a’]+p(dU/da)s ©) Two different empirical potentials have been used for the

and we calculate the derivative of the internal energy withSimulations as proposed by Barketral:" (K2) and by Aziz
respect taa, for a pairwise addictive potential, as and Slamah(HFD-B). These potentials represent quite reli-
ably the pair interaction in a wide range of phases and atomic

oU IUij) (1) Irij AU ij(r) i densities. They are substantially indistinguishable above 3.4
Ga_ A~ o A~ o 2 A Where_as they differ_con_siderably in the repulsi\_/e hard-
(n r=ri; () ) core region as shown in Fig. 5. The HFD-B potential has a
(10  Slightly softer core. As pointed out by Barocai al®>the
two potentials predict indistinguishable structures for the
The latter sum is calculated and updated at every particlluid measured in neutron-scattering experiment performed
move requiring only a constant fraction of additional timein a relatively low-pressure regime. In the present high-
with respect to the internal energy update. The box size repressure experiments instead the atoms are confined at close
adjustment is accepted AW=0, and is accepted with prob- enough distance to probe the repulsive hard-core region.
ability exd —AW] if AW>0, as usual. In Eq10) there isno  Thus the comparison between high-pressure experiments and
term proportional to the logarithm of the volume ratio be-computer simulations can provide an insight into the nature
cause our particle displacements are in actual distance amd the repulsive forces.
not in the scaled variables. The maximum step sizes at each
move were in the 0.1 A range for the particles displacements
and 0.001 A fora. This latter value guarantees that the lin-
ear expansion in Eq9) is accurate. Typical acceptance rates MC simulations have been performed at the temperature
fractions where in the 0.3-0.6 range for the particle and®f 300 K and in a wide pressure range as indicated in Table
0.95-0.99 range for the box readjustments. Il both starting from the ordered and disordered initial con-
Simulations have been performed starting both with fccditions. Spontaneous melting of the fcc lattice is directly ob-
and disordered initial conditions. Energy, box sizeand the ~ served for pressures below about 0.5 GPa. On the other hand
structure factor indicator for the main fcc reflection spontaneous crystallization was not observed even at 4 GPa
for up to 5x 10° moves. Several observables were monitored
2 2 during the simulation, including those probed by EXAFS
S(11D=1+ 52 COS{?(dXij"'dyij"'dzij) .+ (1) spectroscopy. These were the average cell aizthe dis-

W placement distribution of atoms from the average lattice site,
were continuously monitored during the simulation to checkthe bond length distribution of the first five neighbors, the
equilibration and the possible onset of melting or crystalliza-triplet distributions among atoms connected by first-neighbor
tion. For fixed atoms in the fcc lattic§(111)=N, a small  bonds at equilibrium angles of 60, 90, 120, and 180°. For
Debye-Waller decrement is obtained in the presence of theeach shell distribution, and in particular for the first shell, the
mal vibrations, however, for a fluig(111) fluctuates around first three cumulants have been calculated. These include the

I
=

B. Simulation results
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TABLE II. MC simulation with the HFD-B potentialRef. 2, parameters and results. The simulation
temperature is 300 K, the successive columns report simulation pressure, initial cond@gaos randon),
resulting lattice parameter, density, average energy per atdiet order parameter, mean-square displace-
ment, and first-shell parameters o2, and B. For simulations that resulted in a fluid systarmefers to the
appropriate fraction of the average simulation box size 8(til1) is replaced by the maximum of the
structure factoiS(k).

P(GPa IC a@®) pmm3 ukg(K) S(11) (u? (10°°A%) R(A) ¢2(10 %A% g

30.0 fcc  4.3273 49.36 12700 481.4 5.93 3.063 7.64 0.18
25.0 fcc  4.3878 47.35 10405 478.2 7.04 3.107 8.79 0.19
20.0 fcc  4.4614 45.05 8071 476.6 8.41 3.159 10.4 0.19
15.0 fcc  4.5532 42.38 5736 4726 101 3.225 12.6 0.21
12.0 fcc  4.6269 40.38 4262  465.8 12.9 3.278 154 0.25
10.0 fcc  4.6843 38.91 3299 462.9 14.3 3.320 17.2 0.27
8.0 fcc  4.7560 37.18 2317 456.9 171 3.372 20.8 0.29
6.0 fcc  4.8452 35.17 1368 4453 21.9 3.437 26.6 0.35
4.0 fcc  4.9692 32.60 384 4347 27.0 3.527 33.7 0.34
2.0 fcc  5.1778 28.81 —529 408.9 46.8 3.683 56.8 0.45
12 fcc  5.3341 26.35 —829 3733 69.1 3.805 87.8 0.57
0.78 fcc  5.4807 24.30 —938 308.3 120.0 3.929 140.0 0.73
0.35 fcc  5.8645 19.83 —812 221

0.1 fcc  6.3546 15.59 —719 171

4.00 rand. 5.0398 31.25 792 3.33

2.00 rand. 5.2629 2744 —-221 3.26

1.20 rand. 5.4347 2492 —575 2.98

0.75 rand. 5.6025 22.75 —T717 2.57

0.35 rand. 5.8696 19.78 —798 2.22

0.20 rand. 6.0924 1769 —764 1.93

0.10 rand. 6.3482 1564 —710 1.74

aSuper-heated solid.

average distancR, the bond distance variane#, and the  discrepancy with x-ray-diffraction valu&s'® disappears in-
skewnesg=((r —R)?®)/o>. The main results are reported in dicating that for short distances the repulsive pairwise addi-
Table Il for the various simulations; notice that the statisticaltive hard core dominates.
uncertainty is typically in the last digilast two digits for The parameters of the first-shell bond-length distribution
a). are also reported in Table Il as a function of pressure. In the
The bond length distribution obtained at different pres-next section, these values will be compared with those ob-
sures for the HFD-B potential is shown in Fig. 5. The effecttained by EXAFS showing that useful information on the
of the pressure on the distribution is quite evident. Uponnature of the interatomic forces can be obtained.
releasing pressure the distribution broadens, shifts to higher
dista_nces, and becomes more asymmetric. At high pressure a ;; ExAFS DATA ANALYSIS OF SOLID KRYPTON
considerable part of the atoms lays in the distance range
where the difference between the two potential moalst- EXAFS spectra of solid krypton at room temperature in a
ted on the same distance scale in FigbBcomes important. wide range of pressure have been analyzed using multiple-
The results of the lattice spaciagare reported in Table Il scattering calculations and taking into account double-
and visualized in Fig. 6 on a logarithmic pressure scale. Thelectron contributions in the backgroufgke Sec. 1Yin the
difference between the two potential models amounts tdramework of the GNXAS data-analysis methtd® Details
about 0.1 A at 30 GPa. The discontinuity between fluid andn the method and on its application to molecular and crys-
solid Kr is clearly evidenced in the plot. The simulation al- talline systems can be found in Refs. 41, 28, and 42.
lows us to follow both phases in a relatively broad region The first four three-body and two-body configurations
around the melting transition. In the lower pressure rangdound in the fcc structurésee Table VI in Ref. 42have been
(below 10 GPathe calculated cell size is slightly shortened considered and the relevant®) (two-body andy®) (three-
with respect to the experimental valus® This discrepancy body) multiple-scattering signals calculated. Fitting of the
is similar to that found in liquid Kr in the comparison of raw data has been performed using the 60, 90, 120, and
g(r) data from neutron diffraction with calculation based on180° triplet configurations including two first-neighbor dis-
the HFD-B pair potential and is assigned to the presence dances, similarly to the other fcc cad®d previously
higher-order interactions. It is generally assumed that th@resented? In the present case, the fitting was performed
leading many-body interaction is repulsive and can be reprewith a total of 16 parameterd4 structural over about 230
sented by the ATM triple-dipole model. At high pressure theexperimental energy points: first-neighbor distribution de-
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FIG. 6. Lattice spacing of solid K¢fcc) as a function of pres- P I A P I R
sure, as calculated by present simulations with the HF(RE. 2 3 4 5 AQI 7 8
(O) and K2 (Ref. 1) (X) potentials. Data joined by solid and k (A7)

dashed lines refer to solid Kr. Data points joined by a dotted line

refer to fluid Kr, melted from fcc ©) or obtained from disordered FIG. 7. Best fit of the EXAFS spectrum of solid krypton at 8

initial conditions (). Experimental values of the average spacing GPa and room temperature: theoretigék) signals corresponding

a for liquid () (Ref. 38 and solid krypton at high pressures, in to pair and triplet configurations are reported as solid lines. In the

the range 2—30 GP@alues shown with error bargéRef. 39 and in lower part, the comparison between the total theorefaaitinuous

the range 3—-40 GPaH) (Ref. 40 are also reported. The slight line) and the experimental spectruiots is shown.

deviation observed below 10 GPa indicates the presence of repul-

sive many-body forces that become less effective at high pressuré3), 3.0 (3), 8.0 (3), 12.8(5), and 29(1) GPa are compared
with best-fit multiple-scattering calculations. Agreement be-

fined by distance, variance, and skewneBs ¢2, ); 60°  tween calculated and experimental signals is good in the

triplet distribution defined by an additional bond-bond corre-whole pressure and energy range.

lation p, ,,; 90° triangles and second neighbors defined by EXAFS structural results related to the first-neighbor dis-

the angle, angle variance, bond-bond, and bond angle corre-

lations (Aq, oﬁgo, Prrm pr,ggo); 120¢ triangles and third shell

(6120, aﬁm, Prrms p,vgm); 180¢ triplet collinear configura-
tions and third shell defined only byf,mo andp, v, and the

nonstructuraE, andS3 parameters. We assume a negligible

skewness for the distribution of the shells beyond the first
one. This is also supported by structural analysis of the re-
sults of the MC simulations presented in Sec. V.

The dominant contribution is the first-neighbor two-atom
signal even at very high pressures, due also to the relatively
large structural disorder. As a consequence, EXAFS struc-
tural refinement is particularly accurate for the shape of the
first-neighbor distribution and we shall report only about the
three parameter®, o, and 3.

The result of the fitting, in the case of solid krypton at 8
GPa, is shown ik space in Fig. 7. The calculated signals are
shown in the upper part of the figu¢solid lineg. The domi-
nant low-frequency first-neighbor two-body?’, the three-
body (60°) ¥{¥), the combined three-bod{0, 120, 180°),
and two-body(second, third, and fourth shel$®, 7%, P I S I SO B
and 7% contributions are shown from the top to the bottom. 3 4 5 6 7 8
In the lower part of the figure the total model sigriabn- k (&7)
tinuous ling and the experimental EXAF&lotg are com-
pared. The agreement between calculated and experimental FIG. 8. EXAFS (k) spectra of solid kryptoridots at 1.5, 3,
signals is excellent. 8, 12.8, and 29.1 GPaoom temperatupecompared with best-fit

The trend of the EXAFS spectra as a function of pressurenultiple-scattering calculatior(solid line9. Data containing Bragg
is shown in Fig. 8, where experimental data recorded at 1.peaks coming from the diamond-anvil cell are not shown.

II,III||l||I|II'II"III:.I|IIIIIII

29.1 GPa

12.8 GPa

8 GPa

x(k)

3 GPa

1.5 GPa
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TABLE lII. First-shell parameter®, o2, and 8 as determined  sure is in qualitative agreement with that of the Monte Carlo
by EXAFS for solid krypton at room temperature as a function ofsimulations. EXAFS best-fit parameteR; o2, and 8 of
pressure. solid krypton at pressures lower than 10 GPa are in quanti-
tative agreement with those obtained using Monte Carlo

P (GP3 RA) o® (107° A% B simulations with the HFD-BRef. 2 potential.

29(1) 3.073) 10(1) 0.31) In Fig. 9Ya) the average bond-lengfk values determined
23(1) 3.153) 12(1) 0.31) by EXAFS data analysis are compared with the results of the
18.45) 3.21(3) 15(1) 0.31) MC simulations as a function of pressure. At low pressures,
12.95) 3.293) 17(2) 0.4(1) the average bond-lengtR is slightly longer than that pre-
8.0(3) 3.392) 23(2) 0.4(1) dicted by the simulations, as also suggested by x-ray
4.003) 3.532) 36(4) 0.5(1) diffraction®® The slight elongation of the average bond
3.003) 3.61(3) 50(5) 0.4(2) length at very low pressures is assigned to the effect of
1.53) 3.84(5) 85(8) 0.6(1) higher-order interactionssee Sec. Y. In the high-pressure

range the average bond lengths measured by EXAS$ (
are in substantial agreement with those predicted by MC
tribution are reported in Table Il and compared with thosesimulations and determined by x-ray-diffraction measure-
obtained by MC simulations in Fig. 9. The results are par-ments[see Fig. ¢a)].

ticularly interesting. The overall trend as a function of pres- The bond distance variance differs for the two models,
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FIG. 9. Parameter of the first-neighbor distribution as a function of pres@irehe average bond lengf in fcc Kr is reported for the
HFD-B (Ref. 2 (O) and K2 (Ref. 1) (X) potentials. The dotted line refers to the crystallographic valu@ (HFD-B only). The small
deviation at low pressure indicates the effect of tangential vibrations. Best-fit bond I€éhd#rs/ed from EXAFS data¢ ) are shown with
their error bar(b) The bond distance variane€ is shown in logarithmic scale as a function of pressure for the two potentials. EXAFS data
are shown @) in the same scaléc) Skewness parametgras a function of pressure. Although the skewness parameter is determined with
a large statistical error, the presence of an increasing asymmetry by lowering the pressure is quite(évBlend distance variance? as
a function of the average bond leng&in various conditions of pressure for the two potentials and for the experimental EXAFS data
(¢©). The slightly softer repulsive part of the HFD-®Ref. 2 potential is reflected by the larger values of the bond variance for short
distanceghigh pressurgs EXAFS data indicate that the short-range part of the effective interatomic potential is slightly softer than that
predicted by the HFD-BRef. 2 potential. The sensitivity of the EXAFS data to the short-range part of the potential can be appreciated.
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especially at very high pressures. This is again a conse- 3.0 e
guence of the different hard-core repulsive part of the two
potentials. EXAFS data shown in Fig(l9, follow basically

R

the curve obtained using the HFD-B potential up to 10-15 &5
GPa and, at very high pressurékb—30 GPg the experi-
mental bond distance variances are found to be larger than 20

those predicted by the MC simulations. The discrepancy with
the results obtained using the K2 potential is larger at very i
high pressures, the experimental bond variance at 30 GPa is — 15 [~
found to be two times larger than expected using the K2 &
potential. The bond distance variance probed by EXAFS
contains important information about the shape of the inter-
atomic potential which is not contained in diffraction data. In i
the present case, the hard-core repulsive part of the effective 05 |—
interaction potential is suggested to be softer than that of
both pair interaction models. Notice that quantum correc- -
tions to the present classical simulation are at least one order o
of magnitude smaller than the observed differences. In the r &)

worst case, the classical simulation with the HFD-B potential

at 30 GPa givesr’~0.0076 A2 which corresponds to an

~1 For an harmonic oscillator the difference between clas] =300 K andP=0.75 GPa as determined by Monte Carlo com-

sical and quantum treatments is in this case less than 0.00@ter simulations using the HFD-BRef. 2 potential. Dashed and
A2 dotted curves are the decomposition of thé) into the first-

. . neighbor peak and a long-range tail, respectively. The trend of the
In Fig. %c), the skewness parametgris reported as a (r) as a function of pressure is shown in the insetfer0.1 GPa

function of pressure. The presence of an increasing asymme- _ _ :
try by lowering the pressure, predicted by both HFD-B and dot-dashelj P=0.35 GPa(dasheg, andP=0.75 GPa(solid).

K2 models, is quite evident also in the EXAFS data, al-where only the two-body term has been retained in the evalu-
though the statistical error is large. ation of the measureg(k) signal.

Results on bond distancd® and variancess? are re- In Fig. 10 we show the pair-distribution functigtr) of
ported in a single comprehensive plot in Figd® which  liquid krypton atT=300 K andP=0.75 GPa as determined
does not depend on the accuracy of the pressure scale. Thg Monte Carlo computer simulations using the HFD-B
o2 value for a giverR measures the softness of the interac-(Ref. 2 potential starting from random initial conditions.
tion as a function of the average distance and provides Fhe trend of theg(r) of liquid krypton as a function of
unique insight on the shape of the interaction with a singlepressure is shown in the inset of the same figure for
measurement. P=0.1 GPa (dot-dashed curye P=0.35 GPa (dashed

In Fig. 9, the difference between the results of the simucurve, andP=0.75 GPa(solid curve.
lations with the K2 or HFD-B pair potentials is due to the  Due to the short-range nature of th&)(r k) function,
slightly softer repulsive part of the HFD-B potential. Differ- the y (k) signal obtained by direct application of EG.2) is
ences are sometimes very large, especially at high pressurggainly sensitive to the shape of the first peak of gige). In
indicating the hlgh sensitivity of these EXAFS observabIeSFig_ 10 a convenient decomposition of thér) into a well-
to the Short—range details of the interaction. Comparison Wltmeﬁned Short_range peamashed and a |ong_range oscilla-
EXAFS data indicates that the short-range part of the effectory tail (dotg is reported®>~*°The averaged?(k) signals
tive interatomic potential is slightly softer than that of the associated with the first peak and the tail of ) has
HFD-B (Ref. 2 potential. Differences between experimental heen calculated and compared with the experimental EXAFS
results and simulation with pair potentials can also be prosjgng|.
duced by the many-body interactions that are neglected. The | Fig. 11 we report the comparison between the EXAFS
structural results reported in Fig. 9 clearly show the useful-spectrum of liquid krypton at 0.75 GPa and room tempera-
ness of EXAFS measurements for investigating atomic interyyre calculated starting from thg(r) obtained from MC
action properties in condensed matter. simulations(shown in Fig. 10 and that measured using the
dispersive setup. The upper curves are the calculated
y@)(k) signals associated with the first peak of t{e) and
with the long-range oscillatory tail. It is clear that the
EXAFS x(k) pattern is dominated by the signal associated

The EXAFS spectrum of liquid krypton has been calcu-with the first peak of the(r). The resultingy (k) signal is
lated starting from the results of the Monte Carlo simulationshowever very weakof the order of 0.00Land therefore
presented in Sec. V according to the expresSion low-noise EXAFS measurements of liquid krypton are

needed to detect the structural signal. The EXAFS pattern of

our best measurement of liquid krypton at a pressure of 0.75

(x(K))= fwdr47rr2pg(r)y(2>(r,k), (12) GPa and room temperature is reproduced withip the noise by
0 the calculatedy(k), as also shown by the residudbwer

VIl. EXAFS OF LIQUID KRYPTON
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L DL B IR B cific measurements have been performed. A deep insight on
the local structure of condensed krypton at high pressures
has been gained by comparing EXAFS results with constant
pressure Monte Carlo computer simulations based on well-
known empirical pair potentials proposed by Bark&R)

and Aziz(HFD-B). EXAFS data have been found to be par-

7(2) — first peak

+® _ tail ticularly sensitive to the details of the first-neighbor distribu-
e tion, described by the average bond-lengththe bond dis-
0.002 tance variancer® and the skewnesg.
I Differences in the first-neighbor distribution derived using

x(k)

either the K2 or the HFD-B potentials are found in solid
krypton especially at high pressures, due to the different
shape of the hard-core repulsive part of the two potentials.
Quantitative agreement between EXAFS results and MC
simulations using the HFD-B potential has been obtained at
moderate pressures. Slight deviations from the results of the
Residual simulations have been found at high pressures. EXAFS data
at high pressures are in better agreement with the trend ob-
T R W tained using the HFD-B potential, than with the results of the
R 4 _Ef 8 simulations based on the K2 potential. Present results on
k A7Y ; : )
high-pressure solid krypton suggest the existence of a softer
hard-core repulsive part for the potential. At low pressures,
FIG. 11. Comparison between the EXAFS spectra of liquidthe EXAFS signal of liquid krypton at room temperature and
krypton at 0.75 GPa and room temperature measured using tH&75 GPa has been found in accord with the results of the
dispersive setup and calculated staring fromgti) obtained from  MC simulations within the noise of the measurement. How-
MC simulations(see Fig. 12 The upper curves are the calculated ever, the quality of the data and the intrinsic weak amplitude
v signals associated with the first peak of ) and with the  of the EXAFS signal in liquid krypton hampered us to obtain
long-range oscillatory tail. The resulting EXAFS signal is very a reliable refinement of the short-range structure.
weak (of the order of 0.00L The total signal(continuous ling The whole body of the results reported in this paper indi-
dominated by the first-neighbor contribution, reproduces within thecates that the use of the x-ray absorption spectroscopy is
statistical errors the superimposed experimental data, as also showtentially very important in the study of matter in extreme
by the residuallower curve. conditions such as high pressures. In fact, the availability of
intense and brilliant synchrotron radiation sources and the
curve in Fig. 1). The quality of the present data and the development of specific techniques for the measurement of
weak amplitude of the structural signal do not allow us toliquid and solid materials in extreme high-pressure and/or
attempt a refinement of the short-rargfe) in liquid Kr, as  high-temperature conditions makes the access to XAS ex-
it has been done for other liquid systefis?® However, periments easier and more attractive than before. Moreover,
present EXAFS data are consistent with MC simulationghe development of accurate and reliable data-analysis meth-

based on the HFD-B potential. ods allowed us to obtain results in quantitative agreement
with computer simulations in solid and liquid krypton as well
VIII. CONCLUSIONS as in other cases presented elsewhere. In this way, XAS re-

) . o ) sults can nicely complement those of the diffraction tech-
A detailed investigation of the high-pressute-edge  niques and can be useful to refine the short-range structure of
x-ray-absorption spectra of solid and liquid krypton has beerzondensed systems in extreme conditions. While diffraction
carried out. Near-edge structures have been accurately stugchniques are certainly necessary to study the medium and
ied as a function of pressure by means of multiple-scatteringyng-range correlations, XAS can be more sensitive and ac-
calculations. The appearance of the white line and its tren@yrate in the determination of the short-range structure in
for increasing pressure has been interpreted as due to ®dered and disordered systems. The example presented in
multiple-scattering resonance just above Wethreshold. this paper shows that a XAS experiment can provide a deep
Due to the feeble intensity of the EXAFS structural signal atinsight into the nature of the microscopic interactions in con-
low pressures, the edge features are the most sensitive signfsnsed matter in a textbook caselid krypton and in par-
tures for local ordering in condensed krypton, and are mainl¥jcylar the direct measurement of length scale and vibrational

related to the first-neighbor interatomic distance. It has be.eaarameters provide a unique test for the potentia| models in
shown that the near-edge structures are reproduced takiffle high-pressure regime.

into account two-body and three-body terms associated with
the first-neighbor shell.
EXAFS (extended x-ray absorption fine-structurdata

analysis has been carried out using the advanced GNXAS ACKNOWLEDGMENTS
multiple-scattering method taking proper account of the
atomic background including th¢ls4p], [1s3d] and A.D.C. is grateful for the friendly hospitality of the LURE

[1s3p] double-electron excitation channels, for which spe-staff during his stay.
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