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Origin of the photoemission intensity oscillation of Gy
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The photon-energy dependences of photoemission intensitiegyaf€@e quantitatively calculated by the
single-scattering approximation for the final state andabenitio molecular orbital calculation for the initial
state. The calculated results agreed well with the measured intensity oscillation in the photon-energy range of
hy=18-110 eV. The calculation by the plane-wave approximation for the final state also gave similar oscil-
lations, which suggests that the oscillations are independent of the accuracy of the final state. These results
indicated that the oscillations originate from the interference of photoelectron waves emanating from the 60
carbon atoms, i.e., the multicentered photoemission with the phase difference of each wave. Further, the
analytical calculation with a simplified spherical-shell-like initial state revealed that the spherical structure of
Cgo molecule and its large radius dominate the oscillati¢89163-182@08)04431-3

[. INTRODUCTION sults matched fairly well with the observed oscillations, the
approximation omittingl;=I1;+1 is rough as discussed in
Because of the unique molecular structure like a sphericahis paper. They concluded that the oscillations originate
shell, G, has attracted much interest and its electronic strucfrom a specific ability of G, to form a spherical standing
ture has been extensively studied.Ultraviolet photoelec- Wwave of the final state by the interference inside the mol-
tron spectroscopyUPS offers detailed information on the €cule. As mentioned by themselves, however, more detailed
electronic structure of valence states, and many studies Gid quantitative studies are required to confirm the origin of
Ceo have been carried ofit® Recently, much attention has the oscillations. _
been paid to the phenomenon observed by Benetraj. for We measured the anglejres_olved_ ultraviolet photoelectron
thin films of Cs,,® The photoemission intensities of the high- SPECra(ARUPS of Cg thin films in the photon-energy

est occupied molecular orbitdHOMO) and the next-HOMO ~ '@nge ofh»=18-110eV, and calculated ther depen-

(NHOMO) states exhibit remarkable oscillations with the in- dences of the differential photoionization cross sections by
cident photon energy in the range fo=10—120 eV. Such changing the degree of approximation for the final and initial

. . ., states. First we carried out the numerical calculations by the
oscillation has not been observed in other molecular solid y

. X Ssingle-scattering approximation for the final state with dhe
Since the symmetry of the HOMO and NHOMO states iSiiiq molecular orbitalMO) calculation for the initial state,

odd (ungeradg and even(geradg, respectively, and the 0S- \yhere the angular parameters for the incident light and the

cillation of each state shows an opposite phase, they memoioelectron momentum were identical with the experimen-
tioned that the final states retain the distinct molecular chargy| conditions. It is noted that such quantitative calculations

acter and symmetry, and the oscillations can be qualitativel;gonsidering the scattering effects, to our knowledge, have
explained by the parity selection rule. V@ual. also reported ot peen reported yet fordg Next, we simplified only the

the corresponding intensity oscillations in the single crystafjna) state, and calculated the photoionization cross sections
of Cgo.° In addition to the discussion about the selectionpy sing the plane-wave final state. Further, we approxi-
rule, they pointed out that the final-state effects are veryhated the MO initial state by a spherical-shell-like state, and
strong in Go. The gas phase UPS measurementsggii®re  gerived a simple formula for the differential photoionization
carried out by Liebslet al. and the oscillations found in the . gss section of &. The measured and these calculated re-

solid phase were also'observ’.éd. _sults gave us a clear understanding of the origin of the oscil-
From theoretical points of view, Xu, Tan, and Becker first |3tions.

reported two simple models to explain these oscillations
in Cgo.12 They approximated the initial- ) and final-
(¢;) state wave functions ag =R, (r)Y| n(6,¢) and ¢ Il. EXPERIMENT

=R ()Y m,(6,¢) with the radial and angular parts in the  ARUPS measurements were carried out by using the syn-
spherically symmetric potential of ¢ and calculated the chrotron radiation source at the beamline BL8B2 of the UV-
energy positions of the cross-section minima by using one 0BOR storage ring in Institute for Molecular Scieng®S).

the allowed statesl(=1,—1). Although their calculated re- In the preparation chambébase pressure 10 ° Torr), pu-
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FIG. 1. Valence band ARUPS and DOS of,CThe energy M 346V 1
levels of the initial MO are shown by the longitudinal bars. The % 269\/ ]
S eV

DOS curve was calculated by the Gaussian broadening of the en-

ergy levels with the width of 0.58 eV. HOMCh() and NHOMO :_/\L 22eV 1
(hg+g,) are thew dominant states. M 21eV 1

18eV ]
rified Cgg Was evaporated onto a cleaved highly oriented py- 9 8 7 6 5 4 3
rolytic graphite substrate. The film thickness was estimated Binding Energy (eV)

to be about 150 A with a quartz thickness monitor. After
transferring the sample film to the measurement chambeg . -

- nergy region ohy=18-110 eV. The incidence angle of photons
(base pressure=4x101° Torr), the .ARUPS, Were mea- ,_oge and the take-off angle of photoelectrofis 50°.
sured at room temperature with varying the incident photon
energy in the range dfv=18-110 eV. The angular param-
eters were kept at the incidence angle of photers0° and

FIG. 2. Measured ARUPS of thin films ofggin the photon-

square fit with a Gaussian function. The HOMO band exhib-

o its a remarkable intensity variation with maxima and minima
the take-off angle of photoelectrorms=50° measured from in the photon-energy region dfv=18-110 eV, which is

ngggaviirgoégﬁt Jgﬁf;ﬁ?ﬁ“?g&msﬁpgegggdi?g?ztorhealmost the same as reported previodsfif. In the next sec-
P tion, the measurettv dependence is quantitatively studied
Computer Center of IMS.

by the comparison with the calculated photoemission inten-

sities.
I1l. RESULTS AND DISCUSSION
A. Measured ARUPS B. Comparison between calculated and measured
The upper spectrum in Fig. 1 shows the measured ARUPS photoemission intensities

of Cgo thin film at the photon energhv=45eV. The The basic ARUPS theory by considering the single and
HOMO and NHOMO bands are observed separately frompyytiple scattering effects was already developed in
the other valence bands. Despite the fact that the spectrugktaill”-18 We have modified their formula for the weakly
was measured in the solid phase, the distinct band shape gfteracting molecular solids within the single-scattering ap-
each band is similar to that observed in the spectra of gagroximation for the final stat¥, and the differential photo-
phase Go'* This similarity suggests the weakness of thejonization cross sectionlo,(k,)/df of the nth molecular

intermolecular interaction of & in the thin film. The lower  orpjtal at the given incident photon energy is represented
curve in Fig. 1 shows the calculated density of sta8S).  py

The longitudinal bar represents the binding eneEjyy of
each state calculated by the STO-5G MO methb@he
Gaussian broadening of each state with the width of 0.58 eV
gives the DOS curve, where 0.58 eV came from the observed
bandwidth of the HOMO state. The DOS curve corresponds , -
well with the measured ARUPS and indicates that the  Afy(Kn) x>, > DaCxe M Rad Y{(RIM x,
dominant HOMO and NHOMO states are made uppand a X -

hy+gg orbitals inl}, point group, respectively. Although the

don(Ky)/df ck,hv| Ap(kn) |2, (1)

quantitative comparison with ARUPS should be made by the + ; ;a % DbC;ae_ik”'Rb; 2 Yi(R)
photoemission intensities as previously reported by*t¥, L
we used here the DOS curve only to examine the accuracy of thb,(kn)GL’L(Rb_ ROM xas @)

the present MO calculation for the initial state.

Figure 2 shows the measuréd dependence of ARUPS
on the thin films of Gy in the binding energy region of 4.5-9 . i a an A A yn
eV. The spectrum at eadiw was normalized by the peak Mixa(kn) == (=1)'€“pi(kn) | Yi(F)e-TYxa(r)dr,
area of the NHOMO band that was estimated by the least- 3
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- FIG. 3. Photon energliv dependences of photoemission inten-
sity ratio of HOMO/NHOMO. The intensity oscillation of the mea-
sured resultgsolid squaresis in good agreement with the calcu-
lated curves. The solid line was calculated by the single-scattering
(7 approximation for the final state. The broken line was calculated by
the plane-wave approximation for the final state. The initial state
calculated by STO-5G MO method was used for both calculations.

X Y r(Rap) f YL YA F) Y (F)dF,

wherek,, (=k,R) is the photoelectron wave vectd,is the
direction of detector, and the origin of(=rr) is put on the
center of each atom. The angular momenta of the initial an(iin
final states are denoted hy,=(I,,m,) andL=(l,m), re-

spectively.Cy, is thenth molecular orbital coefficient of the
Slater-type atomic orbitaka (=s,py,py,P,), andR, is the

position of the atorma. M| «, corresponds to the matrix ele-

the plane-wave approximation, the potential by the sur-
rounding atoms has no effect on the emitting photoelectrons.
When the kinetic energy of photoelectrons is as low as in the
present experiment, such approximation is too simple to cal-

. . 2 culate the differential photoionization cross section. How-
ment that includes the phase shiff and radial integral oyer we did use it to indicate that the oscillations are inde-

pf"(!(n) calculated Fn the muﬁin-tip potentiaIR|§knr) is the pendent of the accuracy of the final state.

radial part of the final wave function, arfg,(r) |s, the radial By using the equations fato,(k,)/df anddaP"(k,)/dF,

part of the initial atomic wave functionty (k,) and we calculated thev dependences of photoemission intensity
GLL(Rp,—Ry) are the single-scattering vertex and the freefor the HOMO and NHOMO bands of & At room tem-
propagator, respectively. The first term in EB) represents perature G, molecule is rotating freely even in the solid
the self-scattering wave emanating from each atomic sitephase®® Therefore, we carried out the calculations for 500
where the summation with is carried out over all atoms in  random molecular orientations with the experimental angular
a molecule. This term corresponds to the formula by thearametersx=0° and #=50°, and averaged these results
independent atomic center approximati8i:* The second  for the case of the rotating molec&The values ofC},
term represents the single-scattering waves from the &tom and E,, for each band were obtained by the STO-5G MO
in the molecule and the other neighboring moleculg.is  calculation™® Since the damping effect of photoelectrons by
the phenomenological damping factor due to the inelasti¢y, was not so considerable in the present calculations, the

effects in the solid, which involves the mean free path offollowing results were obtained without considering this ef-
photoelectrorf? k, is related to the photoelectron kinetic en- fect.

ergy Ex (=hv—Ep) and inner potentialV, by k, In Fig. 3, the measured and calculated dependences of
=v2m(Ey—V)/t. the intensity ratio, HOMO/NHOMO, are shown. The solid

The differential photoionization cross section with the squares are the measured result, which includes the data in
plane-wave final statela?"(k,)/dr, is given by substituting Fig. 2 and the additional results at the other photon energies.
o= 6|b=0 into Egs.(3) and (6) and using the spherical They show the similar oscillation as reported previously for
Bessel functiorj,(k,r) instead ofR,(k,r). Thus we obtain  energy positions of the maxima and minith&, while the

intensity ratio is slightly different. The latter is caused by the

doP"(k,)/df different experimental conditions fosr and 6. The solid
X curve represents the calculated intensity ratio by the single-
n a—ik, R * 5\ n 1 PW scattering approximation, where the scattering waves from
Kahv ; XEa DaCxae a; YU(RMixal the three neighbor aton{gearest and second-nearest atoms

in the molecule were considered. It reproduces the measured
®) energy positions of the maxima and minima reasonably well.

The broken curve represents the calculated result by the

w _ Nl a,pw A e Ay lane-wave approximation. It also agrees with the measured
MEa(kn) == (=1)'pr"" (k")J Yi(f)e MYa()dr, gscillation forr'zﬁe energy positions. %s shown in Fig. 3, the
©) period of the energy positions of the maxima and minima is

not constant but increases with'. In both calculations, the

inner potentialV, was used as an adjustable parameter. The

a,pw, _ H 3
Pi (k”)_f Ji(kal ) fia(r)rdr. (10 change ofV, causes only the shift of the energy positions
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without changing the period of them. In the present experiBy changing the origin of the wave functions from each
ment, the best fit between the measured and calculated ratomic site to the center ofgg molecule (—r—R,), we
sults was obtained witNy=—13 eV, which gives a rough obtain

estimate of the inner potential for the photoionization of the

Ceo film. In the low photon energy dfiv=18-55 eV, a bet- ow .

ter agreement for the intensity ratio is obtained by the single- doy"(kp)/drekphw
scattering approximation than by the plane-wave approxima-

tion. This is reasonable, since the scattering effect of a lowerwhere we simplified the initial state as

energy photoelectron is not negligible to calculate the

photoionization cross section quantitativéfy*® The dis- . S
agreement of the calculated intensity ratio with the measured pi(r)= Ea: % Cxafla(r —Ra)Yxa(r—Ra) (14
results is found fohv=55-90 eV, but at present we have
no reliable reason for it.

Both do,(k,)/df anddoh"(k,)/dr are based on the in-
terference of photoelectron waves, since they are made up
a sum of the individual photoelectron wave from each atomi
site R, with its phase difference. It is mainly caused by the

—ikp Ra inci -
factor e , andk, depends on the incident photon en proximated with a simple spherical-shell-like state in Eq.

ergy hv. By changing the phase difference whlv, an os-
cillation can occur in the calculation. Therefore, the agree—(15)’ and the HOMO k) and NHOMO §1,+g,) states are

ment between the calculated and measured results in Fig.&@ssified with the labels df=5 andl;=4.2°The radial part
suggests that the oscillation originates from the interferenc® (1) of both states should have one node on the sphere
of photoelectron waves emanating from each atom constitugurface due to ther character of both states. By substituting
ing the G, molecule, i.e., the multicentered photoemissionEq- (_15) into Eq. (13), the differential photoionization cross
from the MO state. Further, it should be noted that the calS€ction becomes
culated result by the simplest plane-wave approximation for

the final state exhibits the similar oscillation as the measuregapw(k ) dfock hy
one. This points out that the oscillation itself is independent” " *™" n
of the accuracy of the final state. It should be ruled by a

2
fe‘ikn‘r%-rwi(r)dr . (13

=Yy (F). (15

C%’quation(14) is the expression of the linear combination of
atomic orbital(LCAO) MO. Since thel}, group of G, mol-
ecule is close to spherical symmetry, the LCAO MO is ap-

by Yi(R)(— )

2

specific character of the initial state due to the molecular Xf : 3 J’ T VS
geometry of Gy We will clarify this point in the next sec- h(kan®rradr | vy (e rYLi(r)dr
tion. 16

The integral of the angular part gives the selection rulé of
=1|;=1, and the right-hand side of E(1L.6) can be expanded
to

C. Simplified analytical calculation of photoemission
intensities

The specific character of the initial state ipg@an be
understood by the following analytical calculation by simpli-
fying the initial MO state to a spherical-shell-like state. Thek,hv
formula of doR%(k,)/dr in Eq. (8) is rearranged by using
dr=r2dr dr,

(—i)'i*lfj,i+1(knr)®(r)r3dr

%S VR [ Yy hE Y (o

doP¥(k,)/dF ks

~ikp-Ry -
> fe +<—i>'i*1fjh,l(knr)@(r)r%lr; Yi 4(R)

xg (=)', (k") Y2 (R)YL(F) 2

G AGTT an

2
(11 Further, the following approximation of spherical Bessel

functionj,(k,r) is made under the present experimental con-

_ ditions. Considering the experimental photon-energy range

Using the expansion of a plane wawe *n'=473 and G radius,k,r should be about 8—20. In thigr range,

(=)' J1(kar) Y2 (K)Y,(F) andk=R, Eq.(11) becomes the well-known asymptotic form of spherical Bessel function

for k,r—o is not adequate. Therefore, we modified the

asymptotic form with a correction fact(azr,i as

, 1 [(1i+1)+1]
J'ﬁl(k“r)zm co knr+a|i—T T,

(12 (18

X e, Clafialr)Yxa(F)dr
Xa

daP"(k,)/df k,hw

s J' e ikn'(T+Rg)
a

2

X e 1Y Clafia(r)Yxa(F)dr
Xa
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02 FIG. 5. An approximated radial wave functién(r). To sim-
plify the present calculation, it has nonzero value ferRs— A

8 10 12 14 16 18 20 ~Rgs+A. The node at =R is due to ther character of the HOMO
kr and NHOMO states.

FIG. 4. Exact spherical Bessel functions and approximate
asymptotic functions. The used correction facteysare a;=1.4
for je(knr) andj(k,r) anda,=1.0 for jg(k,r) andjs(kar).

O|n order to evaluate Eq21) by a simple analytical calcula-
tion, we approximate the radial part of initial stadgr) by
step functions as shown in Fig. 5,

|'_ =rss
%knr—kali_wﬂ-]- _§, RS—A\I‘\RS

_ 1
hi-a(kaf) = co 2 0= ¢ R=r=R+A

n

(22
(19

and A stand for the radius of the node in the spherical

Figure 4 shows the comparison between the exact sphericgﬁe” and the half width of the shell, respectively. Conse-
Bessel functions and the approximated ones in Efy.and quently, the integral in Eq(21) is easily solved and the

(19). je(knr) and ja(knr) in Fig. 4 are the terms used for gigterential photoionization cross section at a given photon
HOMO (I;=5) with the correction factors=1.4. j5(k,r) energyhv can be calculated.
andjs(k,r) are for NHOMO (;=4) with a,=1.0. The ap- In Fig. 6, the calculateti» dependences of the photoion-

proximated cur_ve:{bro_ke_n Iine_is coincide fairly We_” with ization cross section for the HOMO and NHOMO states
the exact functionssolid lines in the presenk,r region. In o plotted withE, . The solid curves are the results by

the previous photoionization cross section calculation fory, . spherical-shell-like initial state and the plane-wave
Ceo Xu, Tan, and Becker neglected the termlefli+1, o) state, where we used the paramet®s=3.26 A,
because the amplitude of the final wave function for veryy _qgg A and Vo=—10eV. The values are reasonable
large | should be smaft” This approximation may not be gncep —'3.96 A is close to 3.54 A of the radius ofg and

applicable for the present case as seen in Fig. 4, where the_ ; 54 \yas referred to the average half thickness of the
amplitude ofj, . 1(kar) andj, —;(knr) is comparable. Sub-

stituting Egs.(18) and (19) into Eqg. (17), we have the ap-

proximated form of i () HOMO
doP"(k,)/dreck,hv
X j ! K+ — 2 | ©(r)rd i E
m cos knr +a;, > (r)yr=dr E
£ (b) NHOMO -
x| > Ytﬂf Y . e-FY, dF g
m I I ] E

2

(20

> Yf_,lf Y, _qe-TY, df
m I I 1

0 20 40 60 80 100 120
Since the angular termiS,,; -+, ++|2 is independent of Kinetic Energy (V)

k,, it only contributes to the photon-energy dependence of o

the cross section as a constant. Thus, we obtain the simple FIG. 6. Calculatednhv dependences of photoionization cross

equation for the differential bhotoionization cross section section. The solid curves were calculated with the spherical-shell-
q P ' like initial state and the plane-wave final state, whRge=3.26 A,

2 A=0.5A, andV,=—10 eV. The broken curves were calculated by
@(r)rzdr] the STO-5G MO initial state and the single-scattering final state

corresponding to the solid curve in Fig. 3. The results far
(21) HOMO and(b) NHOMO states are plotted with, .

n

pw ~ hv li
dop (kn)/drock— co knr+a,i—§7r
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(19). Thus, the same change can appedqj(k,r) as shown

in Fig. 7, wherejs(k,x3.5) andjs(k,Xx1.0) are plotted as

N an examplejs(k,,x 3.5) shows an apparent oscillation in the
rage ofk,=3-6 A~ (shadowed region whereasjs (k,

X 1.0) shows no oscillation. Therefore, it is concluded that
the essential factors for the oscillations étgthe molecular

. structure of G like a spherical shell, an) the fairly large
radius of the shell.

L IV. CONCLUDING REMARKS
0 2 4 6 8

k (A1) The hv dependences of photoemission intensities gf C
were calculated by the single-scattering approximation and

FIG. 7. Molecular size dependence of spherical Bessel functiorp|ane_wave approximation with thab initio molecular or-
Ji(kar). The functions for the different value, js(k,x3.5) and  pijta| calculation. To our knowledge, this quantitative calcu-
J5(knx1.0), are plotted. Thie, range under the present experimen- |ation js the first example for & Although the calculated
tal conditions was about 3—6A (shadowed region results by both approximations were in good agreement with

the measured intensity oscillation for the energy positions of
deep potential shell for carbon solitandV,=—10eV is Maxima and minima, the single-scattering approximation
almost similar to the typical value estimated in other organicshould be used for the quantitative agreement of the intensity
solids?62” The broken curves are the same results as showfftio. The comparison between the calculated and measured
in Fig. 3 calculated by the STO-5G MO initial state and theresults suggested that the oscillations observedgjo@gi-
single-scattering final state. Note that the broken curves reglate from the interference of photoelectron waves emanating
resent the intensity oscillations for the HOMO and NHOMO from the 60 carbon atoms constituting the molecule due to
states before deriving their ratio in Fig. 3. In spite of thethe phase difference of each wave. The simple analytical
present rough approximations for the initial and final statescalculation with the plane-wave final state and the spherical-
the simple calculations with Eq&€1) and(22) give the equal shell-like initial state revealed that the essential factors for
oscillations as obtained by the more sophisticated calculathe oscillations are the spherical structure @f @olecule
tions in regard to the energy positions of maxima andand its falrly Iarge radius. The importance of the Spherical
minima for both state€ It means that the simplest model structure of @, was already pointed out by Xu, Tan, and
contains an essential point for the oscillations, that is, théecker:? In addition to this, we found that the large radius
spherical-shell-like initial state due to the specific structuredf Ceo makes the oscillation observable in the present
of Cg, dominates the oscillations. range.

In addition, the radius of the spherical shell is also impor- The observed photoemission intensity oscillations i3 C
tant to observe the oscillations in the experimehtarange. ~may not be unusual. If a molecule has a nearly spherical
In order to demonstrate this point, we rough|y examine Eq_structure with a Iarge radius, an intensity oscillation will be
(21) for the following cases(i) ©(r) has a nonzero value €xpected. To confirm this point, the measurementdof
aroundr=3.5A and (i) it has a nonzero value around dependence of ARUPS for other nearly spherical molecules
=1.0 A. The former is for the case of a large spherical-shelRS carboranes, higher fullerenes, and metallocenes are in
molecule like G, while the latter is for a smaller shell, Progress.
which may correspond to usual organic molecules. Note that
O (r) does not need to have a node on the sphere. Since the

oscillation derived by Eq(21) is due to the cosine term,  The authors thank Professor Takashi Fujikawa of Chiba
cos,x3.5+ const) and cog(x1.0+const) are picked out University for support in calculating the phase shifts of the
for the examinationk,, varies in the range of 3—6A" un-  continuum states. They also thank Professor Nobuhiro Ko-
der the present experimental conditions. In thigange, the  sugi of IMS for help in the STO-5G molecular orbital calcu-
cosine term forr=3.5 A decreases and increases across (ation. The authors thank the Computer Center of IMS, for
and an oscillation will be observed thoh"(k,)/df. On the  the use of the IBM SP2 computer. This work was supported
other hand, the cosine term for=1.0 A is hardly changed in part by Grants-in-Aid for Scientific Resear®7NP0301,

due to the longer period of the cosine term, and no oscilla®7640782, and 084550p4rom the Ministry of Education,
tion will appear. The cosine term came from the approximaScience, Sports and Culture of Japan and by Shimadzu Sci-
tion of the spherical Bessel functiongk,r) in Egs.(18) and  ence Foundation.
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