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Experimental and theoretical study of electron momentum density
of K6C60 and comparison to pristine C60
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Compton profile measurements on K6C60 and C60 powders have been carried out using inelastically scattered
16-keV photons. Experimental results are compared with profiles obtained fromab initio self-consistent-field
calculations of the energy band structure. The good agreement between experimental and theoretical results
allows us to discuss the weakening of bonds due to a little but measurable electron density distortion on the C60

molecule after potassium intercalation.@S0163-1829~98!00636-5#
s

-

d-
C

n
m
t

les

n
itiv
en
er
u
in

e
-
li
o

m
ne
hu
al

III
oce-
, are
n in

of
en-
th

in

wo
by
hift.
ing
he
,

I. INTRODUCTION

The intercalation of fullerenes with heavy alkali atom
~K, Rb, and Cs! leads to a series of compoundsMnC60 ~n
ranging from 0 to 6! with important modifications of struc
tural and electronic properties of the host material.1–3 The
compoundsM6C60 are of particular interest for understan
ing the nature of bonding in these compounds. Unlike60
itself, they are orientationally ordered,4 making them particu-
larly suitable for theoretical investigations.5,6

In this paper we report on a combined experimental a
theoretical momentum-space study of the two end co
pounds in this series. The experimental approach utilizes
inelastic scattering of x rays to obtain Compton profi
~CP’s! of K6C60 and C60. This technique, which is a bulk
probe, is particularly suitable for the investigation of sy
thetic materials since due to its incoherence it is not sens
to defects in the sample. Furthermore, it is particularly s
sitive to valence electrons, which play a major role in det
mining the structural and electronic properties of solids. O
aim is to evaluate the valence electron density after the
tercalation of pristine C60 in order to study the resulting th
molecular distortion of the C60 cage. We have already dem
onstrated the utility of this approach in the case of alka
graphite intercalation compounds, which are tw
dimensional analogs of theMxC60 family.7–12

Compton scattering probes the ground-state electron
mentum density, which in turn can be related to the pla
wave expansion of the ground-state wave functions. T
experimental profiles can also be used to evaluate the qu
of the calculated wave functions.
PRB 580163-1829/98/58~12!/7593~6!/$15.00
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In Sec. II we introduce Compton scattering. Section
describes the theoretical approach. The experimental pr
dures, including sample preparation and characterization
presented in Sec. IV. Results and conclusions are give
Sec. V.

II. COMPTON SCATTERING METHOD

Compton scattering involves the inelastic scattering
photons by electrons. Conservation of energy and mom
tum leads to the following relationship for the waveleng
shift of photons, as a result of the scattering process:

Dl5
2h

mc
sin2S w

2 D1
2l1

mc
sinS w

2 Dq, ~1!

where w is the scattering angle,l1 is the incoming beam
wavelength, andq is the value of the electron momentum
the scattering direction.

The wavelength shift of the photons is composed of t
terms.13 The first term is due to the scattering of a photon
an electron at rest and is referred to as the Compton s
The second contribution is due to Doppler broaden
around the Compton shift, resulting from the motion of t
electron in the solid.14,15 Within the impulse approximation
the directional Compton profile is defined as

J~q,e!5E n~p!d~p•e!dp5E x* ~p!x~p!d~p•e2q!dp,

~2!
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7594 PRB 58M. MARANGOLO et al.
wheree is the unit vector along the scattering vectorK , n(p)
is the electron momentum density, andx(p) is the wave
function of the electron in momentum space, i.e., the Fou
transform of the wave function in real space.15,16Throughout
the remainder of this paper we shall use atomic units~a.u.!,
for which \5m51.

Figure 1 shows the measured profile of C60. Due to the
flatness of the core electron profile in momentum space,
easy to subtract its contribution from the measured total p
file, resulting in the profile due to the valence electro
alone. The carbon 1s core profile is also shown in Fig. 1. I
is possible to notice the fine structure atq522.8 a.u.~Ra-
man departure!, which is related to the empty states in so
C60.

III. THEORETICAL APPROACH

The electronic structure of C60 ~Ref. 2! and K6C60 ~Ref. 5!
were calculated within the local-density approximation us
the Ceperly-Adler exchange-correlation functional. T
Kohn-Sham equations were solved using theab initio linear
combination of atomic orbitals method. The localized orb
als were expanded on a set of Gaussian-orbital basis f
tions. The basis set for carbon included 4s-type and 3p-type
Gaussian functions, while for potassium it contained fives-
type and fourp-type functions. The calculations were se
consistent, with no restrictions on the form of charge den
or potential. Due to the large size of the unit cell, a singlk
point ~G! was sufficient to achieve convergence in the B
louin zone~BZ! integration. The details of the formalism a
given in Ref. 17.

The ground-state wave functions were then expande
plane waves to be used in the calculations of directio
Compton profiles. If the wave functions are represented
their plane-wave expansion

FIG. 1. Total experimental Compton profile of C60 ~solid line!
and the QSCF core profile~dashed line!. The measurements wer
made with E1516.4 keV photons with a scattering angleF
5135°. There is a noticeable Raman departure atq522.8 a.u.
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cn,k~r !5(
G

Cn,k~G!exp@ i ~k1G!•r #, ~3!

where G’s are reciprocal lattice vectors, the direction
Compton profile can be written as11

J(q,e)5
1

N (
n

(
k

(
G

uCn,k(G)u2

3d„(k1G)•e2q)q(En2Ef). ~4!

The summationG is over all the reciprocal lattice vectors fo
which theCn,k(G)’s are non-negligible. The number ofG’s
required to achieve convergence is related to the size of
primitive unit cell. In our experience, it has ranged fro
2000 to 64 000 vectors, respectively, for graphite a
fullerenes, reflecting the vastly different lengths for the
ciprocal lattice basis vectors. For C60 and K6C60 this number
was chosen as 64 000. Summationk is over the symmetry-
reduced sector of the BZ, using a tetrahedral interpolat
method.18 The volume of this irreducible sector of the BZ
divided into tetrahedra by choosing a grid ofk points. The
actual wave functions are calculated at each grid point an
linear interpolation is carried out foruCn,k(G)u2 within each
tetrahedron. Due to the small volume of the BZ for the
compounds, a relatively coarse mesh is sufficient for the
integration, 11k points for C60 and 14 for K6C60. The sum-
mationn is over the occupied states. The functionq cuts off
this summation at Fermi energy in the case where the m
rial is a metal or a semimetal. In this case we are dea
with insulators, which makes this cutoff unnecessary. Si
the measurements are performed on powder samples
comparison is made with the average theoretical profile
tained by four directional profiles.

IV. EXPERIMENTAL PROCEDURE

A. Sample preparation and characterization

C60 powder from Hoechst company is used in this stud
Before its intercalation, the powder that contains some
purities, in particular sulfur, is meticulously purified. Th
purification consists of a very slow outgassing under h
vacuum, from room temperature to 400 °C. The tempera
is progressively increased, so that the pressure remains lo
than 1025 mm Hg. The process takes 4–6 weeks. An x-r
absorption near-edge structure study was used to show
this treatment has removed all impurities, even oxyg
completely.19 After outgassing, the powder is transferred u
der a pure argon atmosphere to avoid new oxygen conta
nation.

The saturated K6C60 compound is prepared by reaction
an excess amount of alkali metal and a weighted quantity
C60 powder ~200 mg!. The reaction is carried out in a
vacuum sealed Pyrex glass tube at 200 °C for 3 weeks
gradient of a few degrees is maintained along the tube
prevent metal from condensing onto C60. The powder is then
put in a Lindemann capillary under a pure argon atmosph
for x-ray examination. The x-ray powder diffraction patte
collected with MoKa1 radiation show clearly that all reflec
tions can be indexed on a body-centered-cubic lattice wit
parameter ofa511.39 Å.4
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B. Experimental setup

The experiments were carried out using the hig
resolution spectrometer of the high-energy synchrotron
Laboratoire d’Utilisation du Rayonnement Electromagn´t-
ique in Orsay, France.20 The positron storage ring operates
1.85 GeV and a three-pole superconductor magnet wig
provides a beam with a critical energy of about 8 keV. T
synchrotron radiation beam is monochromatized by Bra
reflection from a double~220! silicon monochromator to pro
duce an energy of 16 363 eV.21 The beam is sagittally fo-
cused on the powder sample of K6C60 by the monochroma-
tor’s second crystal. The sample is a cylinder of 5 mm hei
and 6 mm diameter. The powder was kept under dry ar
atmosphere at all times.

A high-resolution focusing spectrometer is used to ene
analyze the photons scattered by the sample at an ang
135°. The Cauchois analyzing crystal is made of curved s
con, asymmetrically cut to employ the~620! reflection. Pho-
tons of the same energy are focused at a single point on
Rowland circle and detected by a position-sensitive detec
filled with xenon at 4 atm. The whole spectrum is collect
at the same time. The entire path of this scattered bea
maintained under vacuum.

The resolution function is deduced from the full width
half maximum of the thermal diffuse scattering peak, wh
was 0.15 a.u. of momentum. The separation between
experimental data points is equivalent to 0.03 a.u. when
pressed in terms of the momentum scale. At the Comp
peak 33106 counts were collected. For the purpose of
comparison, the Compton profile of C60 powder was also
measured exactly under the same experimental conditi
with 23106 counts at the Compton peak.

C. Data processing

After subtracting the background, the raw data were c
rected for wavelength-dependent terms such as absorp
~in the sample and analyzer!, detector efficiency, and ana
lyzer reflectivity predicted by kinematic theory.22 The wave-
length scale was then converted into a momentum scale.
contribution due to multiply scattered photons was s
tracted from the measured profile in order to obtain the to
Compton profile. These multiple-scattering contributio
were calculated using a Monte Carlo simulation and tak
into account beam polarization, sample geometry,
density.23 The ratio of the double scattering to the total w
3% in the case of K6C60 and 5% in the case of C60. The triple
scattering was negligibly small.

In order to obtain the profile due to the valence electro
alone, the core electron profiles were subtracted from
total measured profile. Under the impulse approximation,
core contribution is obtained from atomic wave functions24

This approximation is valid only if the energyDE trans-
ferred from the photon to the ejected electron is large co
pared to the binding energy of the electron.13

In our case, considering the Compton shift of 842 e
compared to binding energies of potassium 2s and carbon 1s
ranging between 200 and 300 eV, it was necessary to m
beyond the impulse approximation and use the quasi-s
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consistent-field~QSCF! method to obtain the core profile
for the C 1s and K 1s ~Raman departure at 14.4 a.u.!, 2s,
2p, and 3s electrons.24

The potassium 3p core electrons will be treated a
‘‘pseudocore’’ as described in the next section. After remo
ing the core and pseudocore contributions, the remain
profile is normalized to the number of valence electrons
carbon atom, i.e., 4.10 in K6C60 and 4 in C60.

V. RESULTS AND DISCUSSION

In Fig. 2 we show a comparison between theory and
periment for the Compton profile of K6C60 minus that of C60.
These difference profiles include the contribution of K 3p
electrons; therefore, the area under the curves correspon
0.7 electron for the full profile. Profile differences elimina
systematic errors, including the neglect of electron-elect
correlation effects on the calculated wave functions.25 The
overall agreement between theory and experiment is v
good.

In Fig. 3 we show the band structure of K6C60 down to 25
eV, where K 3p states form a complex isolated from th
narrower carbon bands. The bandlike nature of these st
which is due to K-K ‘‘indirect hopping,’’ is clearly apparen
Photoemission spectroscopy26 has already demonstrated th
K 3p emission has a bandlike character and, in addition,
suggested that K 3p wave functions in K3C60 as in K6C60 are
extended enough to overlap with orbitals of surround
fullerenes. Our calculations indicate that the K 3p admixture
in filled carbon-type bands is less than 4%.

In order to be able to compare K6C60 and C60 in a mean-
ingful manner, it is necessary to subtract out the K 3p con-
tribution from both the calculated and measured profiles
K6C60. This is rather simple in the case of the calculat
profiles due to the aforementioned isolation of these ban
allowing us to obtain the theoretical K 3p profile, i.e., the
pseudocore. We subtract this contribution from both the c
culated and measured profiles. In order to observe the c
acteristics of the additional electrons in the solid after

FIG. 2. Differences between the valence Compton profiles
K6C60 and C60. These profiles are affected by the contribution of
3p electrons.
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potassium intercalation, as well as the modifications in p
tine C60 electronic distribution brought about by intercal
tion, we show the difference between profiles of K6C60 and
C60,

27 after core and pseudocore subtraction~Fig. 4! in both
theory and experiment. We stress that this Compton pro
difference~CPD! is due to two contributions.

The first contribution is due to the electrons in the upp
complex of three bands~Fig. 3! originating from the molecu-
lar t lu lowest unoccupied molecular orbital levels in C60.
This complex forms the conduction band in KnC60, which
becomes completely filled forn56. We call this contribution
the conduction profile. The second contribution that is
lated to the distortion of the pristine C60 electronic density is
due the to the presence of the K1 ions, which we call the
distortion profile.

While neither of these two quantities is accessible exp

FIG. 3. Self-consistent electronic energy band structure of c
talline K6C60. The energy zero is set to the valence-band maxim
K 3p bands are marked.

FIG. 4. Differences between valence Compton profiles of K6C60

and C60. The potassium 3p bandlike contribution to the CP ha
been subtracted.
-

le

r

-

i-

mentally, their sum is simply the difference between the to
profiles of K6C60 and C60, excluding the core and pseudoco
contributions~Fig. 4!. In order to investigate these two e
fects we have separately calculated their contributions to
CPD. Figure 5 shows the directional distortion profiles f
four directions. Since this simply represents the distortion
the filled orbitals of C60 due to the presence of the potassiu
ions, the net area under this profile is zero. This gene
behavior is similar for all the calculated directional profile
The other contribution, i.e., the conduction profile, is due
the electrons occupying the filledt1u band in K6C60 ~Fig. 6!.
Local-density approximation calculations17 suggest strongly
that bonding in crystalline K6C60 is almost entirely ionic:
The charge-transfer reaction C6016K→C60

616K11 is ener-
getically favorable. The 4s K electrons, transferred to thet lu
C60 bands, lead to the calculated conduction profile of K6C60.
Nothing needs to be subtracted from this contribution due
the fact that these bands are empty in pristine C60. The area

s-
.

FIG. 5. Calculated distortion of directional profiles. These p
files are related to the distortion of the filled orbitals of C60 due to
the presence of the potassium ions, so the net area under this p
is zero.

FIG. 6. Calculated conduction profile due to the electrons oc
pying thet1u conduction band in K6C60.
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of this contribution is equal to 0.1 electron, i.e., the ex
charge on each carbon atom. The conduction profile, alw
positive, is close to zero atq53 a.u.. Figure 7~a! shows the
charge-density contours in the~100! plane. We recognize the
mainly p* character of these orbitals.

We also see the strongp character of these orbitals, i
momentum space, by observing the calculated conduc
profile. It is well known thatp orbitals that are parallel to th
scattering vector lead to a Compton profile that is zero aq
50 and have a nonzero momentum maximum in the reg
of q51 a.u.28 In contrast,p orbitals that are perpendicular t
the scattering vector lead to a Compton profile whose m
mum is atq50, without any structure in the region ofq
51 a.u. Since C60 molecules are almost spherical, some
the p* orbitals will be parallel, some perpendicular, a

FIG. 7. ~a! t1u bands density contour plot in the~100! plane. The
contours are logarithmically spaced~adjacent contours differ by a
factor 2!. The minimum contour density is 2
310211 electrons/bohr3. ~b! Difference charge-density contour i
the ~100! plane obtained by subtracting the charge density o
hypothetical bcc C60 solid from the ‘‘valence’’ charge density o
K6C60. The contours are linearly spaced from20.01 to 0.01
electrons/bohr3: dashed, negative; solid, positive.
ys

n

n

i-

f

some intermediate with respect to the scattering vector. T
observed shoulder nearq51 a.u. is due top orbitals parallel
to the scattering vector.

The distortion profile~Fig. 5! is positive at lowq ~denot-
ing electron delocalization!, zero forq larger than 3 a.u., and
shows a structure aroundq50.8 a.u. Theq50.8 structure
can be described by the shift of the maximum of the CP o
a.u. derived from the mainlyp character orbitals~parallel to
the scattering vector!, towards lowerq values, i.e., an effect
of the electronic delocalization in K6C60 compared to C60.

This trend is similar for all the calculated directiona
CPD’s. The contribution of these marked and narrow profi
to the CPD is 2–3 times lower than the order of magnitu
of the filled conduction-band Compton profile~Fig. 6!. In
order to clarify the main features of this calculated distorti
profile, in Fig. 7~b! we show the difference charge-densi
contours. These contours are obtained by subtracting
charge density of a hypothetical C60 solid with a bcc struc-
ture and the same lattice constant as for K6C60, from the
‘‘valence’’ charge density of K6C60. The contours are again
in the ~100! plane. The plot suggests that the main effect
the potassium intercalation in K6C60 is to draw charge out of
the C-C bonds of each molecule to further delocalize
electron density. It has already been shown that K io
weaken some of the bonds in a C60 molecule and this charge
is partly on the face of C60 hexagons and partly forming
small dangling-bond-like structures on all six C atoms, in t
direction perpendicular to the C-C bonds.17

The good agreement between calculated and experime
CPD’s corroborates the scenario of a small but measura
delocalization of the valence electron density due to the
tercalation of K ions. It is important to point out that such a
effect actually corresponds to a very small distortion of t
pristine C60 orbitals.

Although there is good overall agreement between the
and experience in Fig. 4, we notice that the experimen
CPD is negative in the range 2 a.u.,q,3 a.u.: This phe-
nomenon is not seen in the calculated CPD. A small und
estimation of the delocalization of carbon bonds could be
cause of this discrepancy.

In conclusion, our combined experimental and theoreti
study of momentum density in K6C60 and C60 indicates that
intercalation with K leads to a nonrigid transfer of charg
from K to the previously unoccupiedt1u bands of C60. The
presence of K1 ions leads to a small but clearly observab
distortion of the charge density of C60 molecules in K6C60
and to an overall delocalization of charge away from the C
bonds.
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