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X-ray measurement of the electron static structure factor in LiF
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The x-ray incoherent cross section has been measured in crystalline LiF. The static structure factor and the
exchange and correlation energy of valence electrons in LiF have been obtained. Making use of the results of
a recent Hartree-Fock calculation in solid LiF, the correlation contribution to the ground-state energy has been
determined. The static structure factor data have been analyzed to deduce the valence-electron pair-correlation
function. Comparisons have been carried out with the recent quantum Monte Carlo calculations in the homo-
geneous interacting electron gas.@S0163-1829~99!02620-X#
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I. INTRODUCTION

X-ray scattering measurements of the incoherent cr
section have been proved to be quite a sensitive tool to
vestigate electron-electron correlations in light elements1–4

By this technique, the electronic static structure factor, wh
is the Fourier transform of the density-weighted two-bo
correlation function, can be measured and employed to
tain the exchange-correlation contribution to the ground-s
energy of the solid.5 Extended measurements carried out
beryllium1 and diamond2 single crystals have shown that th
cohesive energy of the two solids is dominated by
exchange-correlation contribution to the total energy, the
formation of the electron density distribution being a seco
ary effect.6 Quite surprisingly, dynamic correlations amon
valence electrons in both beryllium and diamond were fou
to be reasonably well described by the interacting electr
gas model at the appropriate densities. Both berylliu
which is a metal, and diamond, which is an insulator, exh
very similar behaviors as to the static structure factor a
hence the pair-correlation function. In both cases, the neu
atomic volume and the absence of charge transfer indi
that the binding is mainly due to the difference between
atom and solid pair-correlation function, the overall shape
the electron-density distribution of the crystals being not
markably different from that of the free atoms.6 Based on
these findings, a much more systematic study of electr
electron correlations seems to be necessary to clarify the
played by the electron-density distribution either in det
mining the shape of the Coulomb and Fermi holes surrou
ing each electron, or in bringing about the binding of t
solid.

In order to investigate the relationship between the o
electron density and the pair-correlation function, we carr
out a measurement of the incoherent scattering function
LiF by x-ray scattering. The LiF sample was chosen beca
it has the same average number of electrons per atom
diamond, whereas a strong charge transfer should be pre
Therefore, a large contribution to the cohesive energy is
pected to be connected with the ionic character of the bo
ing in this solid. It is also important to note that the avera
electron density of the noncore electrons in LiF is on
PRB 590163-1829/99/59~20!/12853~7!/$15.00
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slightly smaller than that of diamond, the electron-gas
rameterr s being 1.480 in LiF and 1.317 in diamond. Ther
fore, information on the exchange-correlation energy fu
tional can be inferred by the comparison of the electron p
correlation functions in the two systems. The exchan
correlation energy functional is a fundamental quantity
density-functional-based ground-state calculations, and
routinely approximated by the corresponding quantity cal
lated for the interacting electron gas.7–9

Although LiF is very appealing because of its electr
distribution, it is not the best suited material for an expe
mental study of diffuse scattering since thermal diffuse sc
tering ~TDS! is expected to be quite high due to both t
relatively small Li mass and the low Debye temperature10

As discussed in previous investigations,1,2 the only safe way
to determine the TDS contribution is through a knowledge
the phonon-dispersion curves as measured by inelastic
tron scattering. Actually, due to the very high neutron a
sorption cross section of natural lithium, the experimen
determination of the phonon dispersion curves in LiF w
carried out in a7Li isotopically substituted LiF crystal,10 the
neutron absorption cross section of7Li being negligible.
Even though strong isotope effects on the phonon-disper
curves are not expected, some difference could be pres
Therefore, the TDS calculation in LiF, which relies on
model dynamical matrix deduced from measured dispers
curves along the maximum symmetry directions, could
be completely reliable, especially at general points in rec
rocal space. However, the determination of the TDS by t
technique was found to be at an adequate level of accur
especially for x-ray scans carried out off the regions close
reciprocal-lattice points.

Recently, a very accurate Hartree-Fock~HF! calculation
of solid LiF was performed,11 and, by means of calculate
wave functions, the static structure factor of the solid in t
HF limit was obtained.12 This exchange-onlycalculation, to-
gether with the present experimental results, has been
tremely useful to point out the contribution ofcorrelation
effects in LiF. Moreover, since no direction dependence
the static structure factor was observed in the theoretical
culation, the experimental investigation was confined to
limited portion of the reciprocal space.
12 853 ©1999 The American Physical Society
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II. EXPERIMENT AND DATA REDUCTION

The relationship between the measured x-ray differen
scattering cross section and the electronic static structure
tor was discussed in previous papers.1,2 Here only the most
important steps are reported. The differential cross sec
for photon scattering off a many-electron system is direc
related to the electron density-density correlation funct
when the photon energy is largely in excess of any abs
tion edge of the system. In this condition the x-ray cro
section is proportional to

S~Q!5See~Q!1STDS~Q!, ~1!

where See(Q) is the electronic static structure facto
STDS(Q) is the TDS contribution, andQ is the momentum
transfer. In literature, the quantitySee(Q) is often referred to
as the incoherent scattering factor. Indeed, it is directly
lated to the energy-integrated Compton scattering cross
tion which is an incoherent process when the momen
transfer is high enough. Nonetheless, the use of the pre
notation is aimed at emphasizing the relation between
static structure factor and the pair-correlation function. T
experimental data are, of course, affected by additional s
rious contributions, like background and multiple scatteri
which must be taken into account in the data reduction p
cedure.

The present experiment was performed using a stan
x-ray diffractometer, properly adapted to measure diffu
scattering. In order to minimize the effect of the sample
sorption, a rather high incoming photon energy was us
namely, AgKa radiation ~22.10 keV!, resulting in a linear
attenuation coefficientm51.771 cm21. The incoming photon
energy was much higher than the highest absorption edg
LiF at 0.6768 keV. A pyrolitic graphite monochromator wi
0.5° mosaic spread was used to reduce the Bremsstrah
and to make negligible theKb contamination of the incom
ing beam. A 0.5-mm slit was inserted before the monoch
mator and at 100 mm from the normal-focus tube anode
define the angular divergence of the beam impinging on
monochromator. The beam size at the sample position
1310 mm2, with an angular divergence of 0.6°.

The sample was a slab-shaped single crystal, 1.20310
310-mm3 dimensions, with all the faces parallel to the~100!
crystallographic planes. The transmission coefficient w
;0.75 with the sample, 1.20 mm thick, perpendicular to
beam. Because of the high expected TDS contribution, sc
were carried out at different values of temperature. Data
lected at the various temperatures were employed to tes
reliability of the TDS calculation. The sample was contain
into a vacuum chamber having 110-mm diameter and a w
beryllium window, designed to cover a scattering an
range from 0° to 150° in a single scan. The sample was fi
on a copper frame connected to a closed-cycle refriger
through a heater, so that the temperature could be cha
over the range from 20 K to room temperature. The tempe
ture of the sample was measured by means of a Pt res
fixed on the copper frame with a maximum error of60.2 K.
During each scan, the temperature was stable within60.5 K.
To avoid the rotation of the cooling stage or the whole cha
ber, the scans were performed maintaining the sample
fixed position, a configuration which allows also for a co
l
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stant sample volume. A Soller collimator, 100 mm long w
Mo blades 1 mm apart, was inserted in between the vacu
chamber and the photon detector. The full aperture of
collimator was 12312 mm2, and all the photons scattere
within the collimator angular acceptance could be collec
at all the scattering angles, the maximum sample size
‘‘seen’’ by this collection system being less than 3 mm. Sc
tered photons were collected using a standard NaI:Tl scin
lator coupled to a photomultiplier, followed by a pream
lifier, amplifier, and window discriminator. The x-ray tub
was operated at 40 kV, thus avoiding the half-wavelen
contamination of the incoming beam.

The sample was mounted with the@001# crystallographic
axis perpendicular to the scattering plane, and its orienta
with respect to the incoming beam was determined by ro
ing it from the actual position to that of the~200! reciprocal-
lattice point. In this way the sample position could be det
mined with an accuracy on the order of the crystal mos
spread. Although the crystal was of a fairly good quali
with a mosaic spread of the order of 0.1°, some small cr
tallites were misset by even 1°; therefore the accuracy on
orientation could not be better than;1°. After some trials,
the sample position was selected to end up with the
order reciprocal-lattice points not close to any portion of t
scanned region and with the low-angle portion of the sc
approximately parallel to the@100# direction. In Fig. 1 the
portion of the reciprocal space spanned by the present m
surements is shown. As apparent in Fig. 1, the scan direc
is rather close to the@100# direction in the region of low
momentum transfer, while the high-Q portion of the scan is
at general points in the reciprocal space. Based on the
results of no anisotropy of the static structure factor,12 the
present experimental data can be considered as repres
tive of the @100# direction and of any other direction.

Data were collected at three temperature values, nam
28, 168, and 298 K, with a fixed statistics of 10 000 cou
per point. Each scan, extending from 3° to 80°, was repea
ten times. In this way, 100 000 counts per point were c
lected at all the temperatures, and the statistical error
negligible in comparison with the systematic errors intr
duced by the various correction steps in the data reduc
procedure. The background was measured removing
sample from the copper frame, and collecting the data for
same kind of scans and temperature settings as the samp
was found to be significant only at low angle where the

FIG. 1. ~001! reciprocal-lattice section of LiF showing the pa

followed by the 2q̇ scan.



w
th

ac
r
o
c

ea
a

ob

ce

lc

he

om
i
g
tio
h
si
de
nt
T

le
n

en

rin
u
i
io
an
he
ac
di
as

ng
he
ow
ion
ad-

y-
on-
-

by
on
he
re

the
ed
en-
he

DS
ity

on,
uc-
at
is

ans-
f
re-

atic
d

m
in

ion
per

atic

c-
is
h a
e-
nge-
ns
r-

last

ee

-
ch
rre-

un

PRB 59 12 855X-RAY MEASUREMENT OF THE ELECTRON STATIC . . .
scattering along the path before the sample chamber
visible by the detector. No temperature dependence of
background was detected. Enough statistics on the b
ground were also accumulated to make the statistical erro
the background data negligible in comparison with that
the sample intensity. Finally, the measurement of the ba
ground as obtained by substituting the sample with a l
plate was carried out, and an almost zero intensity w
found. The background-free intensity of the sample was
tained through the following relationship:

I 5I s2TB~ I back
0 2I back

Pb !2I back
Pb , ~2!

whereI s is the intensity measured with the sample in pla
I back

0 is the background intensity without sample, andI back
Pb is

the background intensity measured with the lead slab.TB is
the background transmission coefficient13 along the path
from the sample to the detector, and it can be easily ca
lated once the linear attenuation coefficientm of the sample
is known. The corrected intensity is shown in Fig. 2 at t
three temperature values presently investigated.

The electronic static structure factor can be obtained fr
the measured data after correction for the two unwanted
tensity contributions, namely, TDS and multiple scatterin
Moreover, the correction for the angle-dependent attenua
must be applied, and a comparison to some reference be
ior of the system is necessary to put the corrected inten
on an absolute scale. The correction for the angle-depen
sample attenuation13 was readily performed in the prese
case because of the very simple shape of the sample.
same value of the linear attenuation coefficientm as in the
background correction was employed. The multip
scattering contribution was evaluated by means of a Mo
Carlo simulation of the scattering process, following the g
eral treatment presented and discussed in Refs. 13 and
The simulation program requires the total and the scatte
cross sections of the sample as input data, the latter
known. Tabulated values15 of the total cross sections of L
and F were employed, while the scattering cross sect
were calculated from the free atom scattering factors
static structure factors,15 and used as reference input to t
program. Multiple scattering was calculated, taking into
count all the possible double-scattering processes, inclu
polarization effects, while the total multiple scattering w
deduced according to Ref. 13 under the assumption:

FIG. 2. Measured intensity vs scattering angle after backgro
subtraction@see Eq.~2!#. Dots: T5298 K; circles:T5168 K; tri-
angles:T528 K.
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I m~k!/I m~k21!5I m~2!/I 1 ,

I m(k) being the multiple-scattering intensity of orderk, and
I 1 the single-scattering intensity. The multiple-scatteri
contribution turned out to be almost isotropic, and of t
order of 5% of the average intensity. Considering the l
contribution of the multiple scattering, the above assumpt
on higher-order scattering terms was considered quite
equate.

The TDS contribution was calculated employing the d
namical matrix as deduced from the measured phon
dispersion relation10 in 7LiF. Phonon frequencies and eigen
vectors at any point of the Brillouin zone were obtained
diagonalization of the dynamical matrix. The one-phon
contribution to TDS was then exactly obtained within t
harmonic approximation. Multiphonon contributions we
obtained under the quasi-isotropic approximation16 and using
the Debye-Waller factors of Li and F as deduced from
same dynamical matrix. The total TDS contribution turn
out to be quite structured and strongly temperature dep
dent, as expected from the Debye temperature of LiF. T
subtraction of the calculated multiple scattering and T
contributions could be applied to the experimental intens
once on an absolute scale.

The experimental intensity, after background correcti
was normalized to the sum of the free-atom theoretical str
ture factor, TDS, and multiple-scattering contributions
high momentum transfer. This normalization procedure
expected to be quite accurate since at high momentum tr
fer the static structure factormustconverge to the number o
electrons, and solid-state effects are minimized in this
gion. To our knowledge, the best available free-atom st
structure factorSat(Q) is that deduced from the correlate
wave functions obtained from configuration-interaction~CI!
calculations. CI calculations ofSat(Q) are available for Li
but not for F. To carry out the data reduction,Sat(Q) of
fluorine was deduced by interpolation from the free-ato
static structure factors calculated using the CI method
Li,17 Be,17 C,18 and Ne.19 The reliability of Sat(Q) thus ob-
tained for fluorine was checked by calculating the correlat
energy term. Indeed, the exchange-correlation energy
atom of a many-electron system is simply related to the st
structure factorS(Q) through the following relationship:5,6

Exc5
e2

8p2 E dQ
S~Q!2Z

Q2 . ~3!

Inserting the structure factor calculated from HF wave fun
tions into Eq.~3!, the exchange-only energy contribution
obtained. The correlation energy term, associated wit
given S(Q), is given by the difference between the corr
sponding exchange-correlation energy and the excha
only HF energy. Actually, the correlation energy contai
also the scattering factor contribution arising from the diffe
ence between CI and HF wave functions. However, this
contribution is rather small,17,18 being less than 10% in Li,
Be and Ne. Applying this procedure to the fluorine-fr
atom, with the HF calculation ofSat(Q) from Ref. 15, a
correlation energy of20.56 Ry was obtained from the inter
polated CI free-atom static structure factor of fluorine. Su
a value should be compared with the best estimate of co
lation energy available for F, that is,20.650 Ry.20 There-

d
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12 856 PRB 59G. CALZUOLA, C. PETRILLO, AND F. SACCHETTI
fore, a substantial fraction of the correlation energy is
counted for by the interpolated static structure factor wh
was assumed as a good estimate for the free fluorine a
Making use ofSat(Q) of Li and F, the scale factor for the
experimental data normalization from 50° to 80° was de
mined and TDS, and multiple-scattering contributions w
subtracted.

Finally, the data were corrected for polarization effec
by assuming an unpolarized incoming photon beam, as
tained by previous measurements of the linear polariza
on the same experimental apparatus,1,2 and resulting from the
low takeoff angle at the graphite monochromator. The ki
matic factor was also taken into account according to
procedure described in the case of diamond.2 In Fig. 3 the
normalized data at 28 K are shown in comparison with T
and multiple-scattering contributions. The data were norm
ized to 6, the average number of electrons per atom.
inspection of Fig. 3 shows that the TDS contribution is s
quite appreciable at this low temperature, and that the ca
lated TDS curve accounts fairly well for the complex fe
tures observed in the experimental data. Nonetheless,
also evident that in the region where the TDS is large
calculated data fail to account precisely for the most pro
nent features of the experimental data. This effect is e
more pronounced at higher temperatures, thus indicating
the dynamical matrix of Ref. 10 is adequate to describe
phonon-dispersion curves, but use of the harmonic appr
mation contains some failure. In any case, by an inter
comparison of the experimental results at the three temp
tures, it was possible to give an estimate of the rms erro
the static structure factor normalized as in Fig. 3, wh
turned out to be of the order of 0.05 electron units. Fina
the data from regions close to the TDS maxima were
moved and the final results are shown in Fig. 4, where
electron-electron static structure factorSee(Q), as obtained
from the present data at the lowest temperature, is comp
with the free atomSat(Q) obtained from both CI and HF
results. The agreement between the experimental data
both atomic calculations is very good at momentum-trans
values higher than 4 a.u., thus confirming the reliability
the present normalization procedure.

III. DATA ANALYSIS AND CONCLUSION

From the static structure factor data of crystalline L
shown in Fig. 4, information about the electron-electron c

FIG. 3. Measured static structure factorS(Q) @Eq. ~1!# vs scat-
tering angle. The calculated TDS contributionSTDS(Q) ~full line!
and the multiple-scattering contribution~dashed line! are shown
~see text!.
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relations in this system can be obtained. First of all,
exchange-correlation energy of the crystal, which is sim
related toSee(Q) through Eq.~3!, was deduced and found t
be Exc526.3960.04 Ry/atom. The exchange-correlatio
contribution to the cohesive energy of the crystal was
tained by taking the difference with the exchange-correlat
energy of the free atom calculated with the CISat(Q)
through Eq. ~3!. It resulted to be Exc

coh50.15
60.04 Ry/atom. Since the total cohesive energy of LiF, w
respect to the free neutral atoms, from thermochemical m
surements is 0.32 Ry/atom, the exchange-correlation co
bution to the LiF cohesion is about 50%. This behavior
different from that observed in beryllium6 and diamond,2

where the cohesion was dominated by the exchan
correlation contribution. In LiF the cohesion is largely co
tributed by the Coulomb energy, that is, the Hartree elec
static term plus the electron-nucleus interaction. T
deformation of the electron density, occurring in solid L
with respect to the neutral free atoms, has a role in L
cohesion. This behavior should be connected to the io
nature of the bonding in LiF, thus explaining why the simp
traditional approach to the cohesion in ionic crystals give
fairly good estimate of the cohesive energy. In beryllium a
diamond the electron-density deformation is much smal
as shown by the close overall similarity of the scatteri
factors in the solid and atomic phases, although solid-s
effects play a role specially in diamond.

The correlation energy term can be obtained making
of the recent Hartree-Fock calculation of the static struct
factor of solid LiF.12 As in the case of the free atom, assum
ing that the HF calculation produces a good one-elect
density, the correlation energy is given by the difference
tween the true exchange-correlation energy and that ca
lated using the HF wave functions. From the present exp
mental data, after subtraction of the HF result,12 a correlation
energy of20.5660.04 Ry/atom was deduced for solid LiF
Such a value has to be compared with the correlation ene
of the free Li and F atoms obtained by applying the sa
procedure. The free-atom correlation energy, equal to o
half of the sum of Li and F correlation energies, was found
be 20.33 Ry/atom. These results show that the correlat
energy in solid LiF is higher than that of the free atoms by

FIG. 4. Measured static structure factorSee(Q) vs momentum
transfer. The calculated free-atom static structure factors are
shown~see text!. Dashed line: CI free-atom calculation. Full line
HF free-atom calculation.
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PRB 59 12 857X-RAY MEASUREMENT OF THE ELECTRON STATIC . . .
amount comparable with the exchange-correlation contr
tion to the cohesive energy. Therefore, correlation effe
should not be neglected in this ionic solid and, perhaps
other ionic systems.

It is interesting to observe that the experimental struct
factorSee(Q) of solid LiF is not very well reproduced by th
simple superposition of Li and F free-atom structure facto
Although the low value ofExc

coh is brought about by the over
all small difference@See(Q)2Sat(Q)#, systematic differ-
ences between solid and free atoms are detected. The ex
mental data can be further analyzed in order to extract r
space information about the electron-electron correlation
the solid. In principle, the static structure factorSee(Q) is
directly related to a proper average of the two-body corre
tion function2 through

ḡ~r !5
1

~2p!3n̄Z E dQ@See~Q!2Z#eiQ•r, ~4!

where the position-averaged pair-correlation functionḡ(r ) is
a measure of the probability of finding two electrons a
distancer independently of their individual positions relativ
to the crystal, andn̄ is the average number density. Howev
such a relationship is of little use as the long-range par
See(Q) must be accurately known to carry out the integ
tion. Because of the very slow asymptotic trend ofSee(Q) as
Q diverges,21 ḡ(r ) can be hardly determined by a direct Fo
rier analysis.

The study of the pair-correlation function was carried o
by splitting the experimental static structure factor into th
contributions:

See~Q!5Score~Q!1Sval~Q!1Sint~Q!, ~5!

where Score(Q), Sval(Q), and Sint(Q) refer to core-core,
valence-valence, and valence-core correlations. Actually,
~5! is meaningful only in the one-electron approximatio
where the one-electron wave functions are well defined
the associated energy eigenvalues can be identified as co
valence states. Nonetheless, considering that the one-ele
energy spectrum shows a well-defined energy separa
Sval(Q) can be obtained from the experimentalSee(Q) under
suitable approximations forScore(Q) andSint(Q). Following
the procedure described in Refs. 1 and 2,Score(Q) was de-
scribed by the CI calculations for free ions by Thakkar a
Smith,22 while Sint(Q) was modeled by the HF calculation o
solid LiF by Shukla.12 The latter contribution was almos
negligible in beryllium and diamond, but it turned out to b
appreciable in LiF, being of the order of 0.1 electron un
The static structure factorSval(Q), thus deduced, was em
ployed to study the real-space behavior of the pa
correlation function of the valence electrons. In the case
beryllium and diamond, a model pair-correlation function f
the interacting electron gas was employed and the analy
Fourier inversion of this model function was compared w
the experimental data. Direct application of this approach
LiF is prevented by the remarkable electron-density diff
ence expected at the Li and F sites. To take into accoun
electron-density inhomogeneity of the present system,
experimental valence static structure factor was fitted to
equation:
-
ts
in
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Sval~Q!5Z1Sh~Q,n1!1Z2Sh~Q,n2!, ~6!

whereSh(Q,n) is the static structure factor of the homog
neous interacting electron gas with densityn. The fit was
carried out employing theSh(Q,n) electron-gas data ob
tained by the quantum Monte Carlo simulation of Ortiz a
Ballone,23 and leavingn1 , n2 , Z1 , andZ2 as free parameter
with the additional conditionZ11Z254. The results of this
procedure are shown in Fig. 5. It is apparent that the mo
of Eq. ~6! accounts extremely well for the experiment
Sval(Q), apart from the region where the subtraction
STDS(Q) is less satisfactory, the rms error being less th
0.02 electron units over the whole range. From the fit of E
~6!, the following average pair correlation function can
readily obtained:

ḡ~r !5
1

Z1n11Z2n2
@Z1n1gh~r ,n1!1Z2n2gh~r ,n2!#,

~7!

where

FIG. 6. Valence pair correlation function in LiF. Full line: curv
obtained by analytic Fourier inversion of the static structure fac
fitted to the experimental data according to Eq.~6! ~see text!.
Dashed line: quantum Monte Carlo results~Ref. 23! for the homo-
geneous interacting electron gas atr s51.480.

FIG. 5. Experimental valence static structure factorSval(Q) @Eq.
~5!# vs momentum transfer. Full line: fit to the experimental da
according to Eq.~6!. Dashed line: quantum Monte Carlo resul
~Ref. 23! for the homogeneous interacting electron gas atr s

51.480.
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gh~r ,n!511
1

2p2nr E0

`

dQ@Sh~Q,n!21#Q sin~Qr !

~8!

is the pair-correlation function of the electron gas with de
sity n, as reported in Ref. 23. The resulting pair-correlati
function ḡ(r ) is presented in Fig. 6 in comparison with th
appropriate to a homogeneous interacting electron gas
ing the same average valence density as LiF. As both Fig
and 6 show, the homogeneous interacting electron-gas m
remarkably fails in reproducing the experimental data in b
Q and r spaces, whereas the model of Eq.~6! is quite ad-
equate, thus suggesting that the pair-correlation functio
defined by the local density. In fact, Eq.~6! and the results of
the fit state that a proper average density at Li and F site
the relevant parameter which can be used to describe
electron-electron correlations in LiF. The best fit paramet
were found to be:Z150.9160.02, r s1

51.860.2, Z253.09

60.02, andr s2
50.70860.010, and clearly indicate that

small number of low-density electrons together with a hig
number of high-density electrons are necessary to desc
the correlation function of LiF. This behavior is an expe
mental evidence of the local-density approximation7 often
employed in the theoretical description of electron states
real solids.

A further comparison with the electron-gas results can
carried out by making use of the zero-separation p
correlation function data in beryllium,1 diamond,2 and LiF.
These data are shown in Fig. 7 in comparison with the qu
tum Monte Carlo curve ofgh(0) versusr s from Ref. 23. The
ḡ(0) value found in LiF cannot be accounted for by t
expected density dependence of the homogeneous intera
electron gas. This behavior is a clear consequence of
inhomogeneity of the electron density in the unit cell of th
system. Indeed, from Eq.~7! the zero-separation pair
correlation function is a weighted average of the two co

FIG. 7. Zero-separation pair correlation function versusr s .
Dots: experimental data in beryllium~Ref. 1!, diamond~Ref. 2!,
and LiF. The full line is the quantum Monte Carlo curve for th
homogeneous interacting electron gas from Ref. 23.
-

v-
. 5
del
h

is

is
he
rs

r
be

in

e
r-

n-

ing
he

-

ponents and, because of the density dependence ofgh(0), it
is dominated by the regions where the density is higher,
it receives high values. The same trend is observed when
homogeneous interacting electron gas parameter

g5
1

2kF
E

0

`

dQ@12Sh~Q!# ~9!

is compared with the appropriateg values deduced from the
experimental data in beryllium, diamond, and LiF. In th
homogeneous electron gas, theg parameter is directly related
to the correlation energy, while in the inhomogeneous el
tron system it is related to the ground-state exchan
correlation energy through Eq.~3!. Using the present static
structure factor data andkF as deduced from the averag
electron density, the valueg50.57960.005 was found. In
Fig. 8 theg values obtained in beryllium, diamond, and L
are shown in comparison with the electron-gas data. Ag
LiF behaves quite differently from the other two systems,
experimentalg parameter being a weighted average of d
ferent values.

As a conclusion, we can say that, contrary to the previ
findings in the pure elements beryllium and diamond, stro
effects brought about by the one-electron density inhomo
neity are present in LiF, and these effects show up as
evident departure of the valence-electron static structure
tor from that of the homogeneous interacting electron ga
the average density. Moreover only a 50% contribution
the cohesive energy from the exchange-correlation term
found, the remaining 50% of the cohesive energy being
to the one-electron density deformation. Thanks to the av
ability of a Hartree-Fock calculation12 of the static structure
factor in solid LiF, the correlation energy contribution wa
determined and found to be higher than that of the free
oms. Finally, the present findings suggest that systematic
culations of the HF static structure factors in light elemen
coupled to experimental investigations in materials ot
than Be, C, and LiF, could help in understanding the role
the electron-electron correlations in solid cohesion.

FIG. 8. g parameter vsr s ~see text!. Dots: experimental data in
beryllium ~Ref. 1!, diamond~Ref. 2!, and LiF. The full line is the
theoretical quantum Monte Carlo result for the homogeneous in
acting electron gas from Ref. 24.
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