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Geometric phases of electrons due to spin-rotation coupling in rotating C60 molecules
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The rapidly rotational motion of C60 molecules will provide us with an ingenious way to test Mashhoon’s
spin-rotation coupling. Since in the low-temperature phase~below 300 K! of C60 solid the noncentral intermo-
lecular potential will cause the precession and nutation of rotating frequency of C60 molecules, which gives rise
to a time-dependent coupling of valency electron spin to the C60 rotation, the electron wave functions in
rotating C60 molecules will acquire geometric phases arising from this time-dependent spin-rotation coupling.
The geometric phases of valency electrons in C60 molecules is calculated by using the Lewis-Riesenfeld
invariant theory in the present paper. It is shown that geometric phases of electrons in C60 molecules may be
measured through the photoelectron spectroscopy of C60. A physically interesting fact that the information
about rotation and precession of C60 molecules in the orientational ordered~or disordered! phase may be read
off from the photoelectron spectroscopy of C60 is also demonstrated. Thus, the measurement of variation of C60

rotating frequency through the photoelectron spectroscopy will enable us to obtain the noncentral intermolecu-
lar potential, which is helpful in investigating the molecular mechanics of C60 solid.

DOI: 10.1103/PhysRevB.68.195421 PACS number~s!: 61.48.1c, 03.65.Vf
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I. INTRODUCTION

The information on the rotational dynamics of C60 mol-
ecule in condensed phases has been obtained from nuc
magnetic-resonance~NMR! studies.1 Both NMR spectros-
copy and quasielastic neutron-scattering experime2

indicated the rapid rotation of C60 molecules whose rota
tional correlation time may be picoseconds in the orien
tionally disordered phase. Historically, many researches w
in connection with the molecular dynamics of C60 rotation.3

Heineyet al. found from x-ray-diffraction and calorimetrica
measurements that solid C60 exhibits a phase transition nea
249 K from a simple cubic structure at low temperatures t
face-centered-cubic structure at high temperatures.3–5 These
studies suggest that the phase above the transition tem
ture is characterized by free rotation or rotational diffusi
and that the phase below the transition is characterized
jump rotational diffusion between symmetry-equivalent o
entations. The correlation time for both phases~orientation-
ally ordered phase below 249 K and orientationally dis
dered phase above 249 K! were measured to fit with an
Arrhenius law, which leads to the fact that in the low
temperature phase the correlation timet increases by a facto
of ;40. For example,t varies from 0.44 to 0.29 ns as th
temperature varies between 241 and 254 K.4 In order to in-
vestigate the dynamics of C60 rotation, Johnsonet al. per-
formed detailed measurements of the reorientational corr
tion time for solid C60 over the temperature range 240–3
K and again showed that the correlation time satisfies
Arrhenius behavior.4 Cheng et al. presented molecular
dynamics investigation of orientational freezing in pure so
C60 based on a pairwise-additive atom-atom intermolecu
potential.3 Kiefl et al. reported the study of the molecula
dynamics and electronic structure ofm1-C60 radical in a
highly crystalline sample of pure C60 and showed a signal a
room temperature which is am1-C60 radical in crystalline
0163-1829/2003/68~19!/195421~6!/$20.00 68 1954
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sample C60 undergoing a quasifree rotation.5 Thus it follows
that the molecular dynamics of C60 rotation is of great im-
portance, since it is related close to the molecular ther
motion, phase transition, and crystal structure of solid C60.

Generally speaking, in the high-temperature phase~e.g.,
ranging from 300 K to 2000 K!, the noncentral part of the
intermolecular potential, which provides the orientational
dering of molecules in the low-temperature phase, vanis
after averaging over all orientations of rapidly rotatin
molecules.6,7 Using the standard Lennard-Jones function
the atom-atom interaction between two molecules and a
aging, Girifalco obtained the central intermolecular poten
for the gaseous and fcc phases of the C60 fullerene.6 By
utilizing this Girifalco potential for C60 molecules, Zubov
et al. calculated the saturated vapor pressure and enthalp
sublimation of the C60 fullerite,8 and Hasegawaet al. inves-
tigated the solid-fluid phase boundary and phase diagram
C60 based on the Monte Carlo method.9 We can conclude
without exaggeration that it has been successful in study
the high-temperature phase diagram of C60 by using the Giri-
falco potential model6,8,9 and molecular-dynamics~MD!
simulation. For example, Caccamo applied the modifi
hypernetted-chain theory to the determination of the ph
diagram of C60 and compared his results with available M
simulation data, and found that the phase diagram obta
was in quite good agreement with previous MD results10

Moreover, Caccamo clarified the following physical fact th
there truly exists a liquid phase between 1600 and 1900
Although the investigation of central intermolecular pote
tials and high-temperature phase of C60 achieves success, t
the best of our knowledge, in the literature, the noncen
intermolecular potentials of C60 below 300 K gained less
attention than they deserved. However, the noncentral in
molecular potentials are indeed essential for the molecu
dynamics simulation of phase diagram in orientationally
dered and disordered phases below 300 K. How can we
©2003 The American Physical Society21-1
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an effective way to obtain the information about the nonc
tral intermolecular potentials of C60 solid?

Fortunately, since the moment of noncentral intermole
lar force provided by one C60 molecule will cause the varia
tion of the angular momentum~and hence the rotating fre
quency! of the other C60 molecule about its centroid, and th
time-dependentrotating frequency may result in a geometr
phase~due to the spin-rotation coupling! of valency electrons
in this C60 molecule. If we can extract the information on th
valency electron geometric phases from the photoelec
spectroscopy of C60, then this will provide clue to the physi
cists on how the noncentral intermolecular force works
C60 solid. So, in this paper we will propose an approach
the investigation of noncentral intermolecular potentials a
molecular-dynamics of C60. We suggest that both the spin
rotation coupling of electrons and the consequent geome
phases can provide us with an insight into the rotational
namics, intermolecular interaction, and thermal motion
C60 molecules.

Basically, the spin-rotation coupling considered here
one of the gravitational effects since the nature of the iner
force ~e.g., the Coriolis force! is the gravitational force ac
cording to the principle of equivalence. Mashhoon show
that a particle with an intrinsic spin possesses a gravitom
netic moment that can be coupled to the gravitomagn
fields.11 By using the coordinate transformation of gravit
magnetic vector potentials in Kerr metric from the fixe
frame of reference to the rotating frame,12 it is readily veri-
fied that the rotating frequencyvW of a rotating frame relative
to the inertial frame of reference can be regarded as a gr
tomagnetic field.12 The Hamiltonian of spin-rotation cou
pling, Hs-r5vW •SW , can be obtained11–14by making use of the
Dirac equation in the curved space-time,15 whereSW denotes
the spin operator of a spin-1

2 particle.
Fleming et al. have considered the electron-spin rela

ation of C60 induced by the coupling of the electron spin
the molecular rotational angular momentum.16 Since in some
certain cases the rotating frequency~e.g., 1011 rad/s in orien-
tationally disordered phases4! of C60 molecule can be com
pared to the electron Larmor frequency in a magnetic fi
arising from molecule rotation, it is necessary to consider
gravitational analog of Fleming’s case. Moreover, in so
cases such as in the low-temperature phase, the precess
C60 molecules around cones is faster than the molecular
tation ~see, for example, in the following evaluation!, and
therefore it is also essential to deal with the precessio
motion of C60 molecules and the consequent geome
phases of valency electrons in molecules.

II. TIME-DEPENDENT SPIN-ROTATION COUPLING

First, we consider the geometric phase of electrons aris
from the time-dependent spin-rotation coupling in the rot
ing C60 molecule which undergoes a precessional moti
Note that the gravitational Aharonov-Bohm effect~also
termed Aharonov-Carmi effect17! due to the Lorentz mag
netic force ~i.e., the Coriolis force! can be ignored in our
following consideration, since Berry’s phase, 2mevW •AW with
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AW being the area vector surrounded by a closed path a
which the electron moves, appearing in the gravitatio
Aharonov-Bohm effect is negligibly small compared wi
the geometric phase due to the interaction of electron s
with the rotating frame~spin-rotation coupling!.

Below 250 K in C60 solid, the molecules do not rotat
freely and the noncentral part of intermolecular force w
give rise to the precession and nutation of angular mom
tum and rotating frequency of C60 molecules. In what fol-
lows, the relationship between the rate of change of ang
momentum of rotating C60 molecules and the time evolutio
of valency electron wave function undergoing a tim
dependent spin-rotation coupling is taken into account.

Since the interaction between C60 molecules in solid C60
is the van der Waals potential, the coupling is relatively we
and therefore the magnitude ofuvuW does not easily alter
except that it gives rise to the variations of the direction
vW . By the aid of the above assumptions@e.g., (d/dt)vW 2

50], the phenomenological equation for the rotational m
tion of the C60 molecule weakly coupled to its neighbors
derived as

d

dt
LW 5BW 3LW , ~2.1!

where the effective gravitomagnetic field strength whi
leads to the precessional motion of C60 molecules, reads

BW 5
vW 3vẆ

v2
. ~2.2!

Here dot denotes the derivative ofvW with respect to timet;
the angular momentumLW of the C60 molecule is defined to be
LW 5IvW with the moment of inertiaI being approximately
2
3 ma2, wherem anda ~0.355 Å! denote the mass and radiu
of the C60 molecule, respectively. Note that here the ro
tional angular velocityvW of C60 molecules acted upon b
intermolecular interactions istime dependentdue to the mo-
lecular thermal motion and thermal fluctuations in solid C60.
So, the Hamiltonian describing the coupling of spin of ele
trons~such as those in the delocalizedp bond which has the
conjugation effect! to the time-dependentvW (t) is given by
Hs-r(t)5vW (t)•SW and the time-dependent Schro¨dinger equa-
tion governing this electron spin-rotation coupling is

Hs-r~ t !ucs~ t !&5 i\
]

]t
ucs~ t !&. ~2.3!

For convenience, we set the C60 rotating frequency

vW ~ t !5v0@sinu~ t !cosw~ t !,sinu~ t !sinw~ t !,cosu~ t !#,
~2.4!

wherev0 is time independent andu(t) and w(t) stand for
the angle displacements in the spherical polar coordinate
tem. In order to exactly solve the time-dependent Sch¨-
dinger equation~2.3!, in what follows use is made of the
Lewis-Riesenfeld invariant theory18 and the invariant-related
1-2
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unitary transformation formulation.19,20 So, according to the
Lewis-Riesenfeld theory18 an invariantI (t) that satisfies the
Liouville–Von Neumann equation (]/]t)I (t)1(1/i\)
3@ I (t),Hs-r(t)#50 should be constructed in terms of th
spin operatorsS6 and S3 with S65S16 iS2. Thus the in-
variant I (t) is of the form

I ~ t !5 1
2 sinl~ t !exp@2 ig~ t !#S11 1

2 sinl~ t !exp@ ig~ t !#S2

1cosl~ t !S3 , ~2.5!

where the time-dependent parametersl(t) andg(t) are de-
termined by the following two auxiliary equations:

l̇5v0sinu sin~w2g!,

ġ5v0@cosu2sinu cotl cos~w2g!#, ~2.6!

with dot denoting the time derivative ofl(t) andg(t). Note
that insertion of expressions forI (t) and Hs-r(t) into the
Liouville–Von Neumann equation yields Eq.~2.6!. In accor-
dance with the Liouville–Von Neumann equation, the inva
ant I (t) possessestime-independenteigenvalues, which en
ables us to obtain the exact solutions of the time-depen
Schrödinger equation~2.3!, for it is readily verified that the
particular solutions of Eq.~2.3! are different from the eigen
states of the invariantI (t) only by a time-dependen
c-number factor.18 If once the eigenvalue equation ofI (t) is
exactly solved, then the solutions of the time-depend
Schrödinger equation~2.3! are easily obtained. By utilizing a
unitary transformation operator

V~ t !5exp@bS12b* S2#, ~2.7!

with b(t)52(l(t)/2)exp@2ig(t)# and b* (t)52(l(t)/
2)exp@ig(t)#,19,21,22the time-dependent invariantI (t) can be
transformed into a time-independent one, i.e.,I V
[V†(t)I (t)V(t)5S3, where the time-independent eige
value ofS3 is s56 1

2 \ for the electron.

III. GEOMETRIC PHASES OF ELECTRONS IN
ROTATING C 60 MOLECULES

Since (]/]t)I V50, the Liouville–Von Neumann equatio
under this unitary transformation may be rewritten
@ I V ,HV

s-r(t)#50. It follows thatHV
s-r(t) depends only on the

third componentS3 of the spin operator of the electron. Fu
ther calculation yields

HV
s-r~ t ![V†~ t !FHs-r~ t !2 i\

]

]t GV~ t !5v0@coslcosu

1sinl sinu cos~g2w!#S31ġ~12cosl!S3 .

~3.1!

This, therefore, means that the particular solutionucs(t)&V
of the time-dependent Schro¨dinger equation

HV
s-r~ t !ucs~ t !&V5 i\

]

]t
ucs~ t !&V , ~3.2!
19542
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with ucs(t)&V5V†(t)ucs(t)&, is different from the eigen-
state of I V only by a time-dependentc-number factor
exp„(1/i\)@fs

(d)(t)1fs
(g)(t)#…, where the nonadiabatic non

cyclic dynamical phase is

fs
(d)~ t !5sE

0

t

v0$cosl~ t8!cosu~ t8!

1sinl~ t8!sinu~ t8!cos@g~ t8!2w~ t8!#%dt8

~3.3!

and the nonadiabatic noncyclic geometric phase is

fs
(g)~ t !5sE

0

t

$ġ~ t8!@12cosl~ t8!#%dt8. ~3.4!

If the adiabatic cyclic evolution process is taken into cons
eration, then it is verified that the present calculation is s
consistent. This may be illustrated as follows: in the ad
batic cyclic case, where the parametersl5u5const, g

5w, and the precessional frequencyġ5V is very small, the
nonadiabatic geometric phase~3.4! in one cycle (T
52p/V) is reduced to the expression for Berry’s adiaba
cyclic topological phase23

fs
(g)~T!52ps~12cosu!, ~3.5!

where 2p(12cosu) is a solid angle over the paramet
space of the C60 rotational frequencyvW (t). This fact implies
that geometric phases possess the topological and gl
properties of time evolution in time-dependent quantu
systems.21,23

If the eigenstate ofI V corresponding to the eigenvalues
is us&, then the eigenstate of the invariantI (t) is V(t)us&.
Hence, in accordance with the Lewis-Riesenfeld invari
theory, the particular solution corresponding tos of Eq. ~2.3!
reads

ucs~ t !&5expH 1

i\
@fs

(d)~ t !1fs
(g)~ t !#J V~ t !us&. ~3.6!

The influence of spin-rotation coupling and geomet
phases discussed above on the photoelectron spectrosco
the C60 molecule deserves considerations. The total Ham
tonian of an electron in the C60 molecule acted upon by th
external perturbation~e.g., the radiation fields! can be written
asH5H01Hs-r(t)1H8(t), whereH0 represents the Hamil
tonian of the valency electron in the C60 molecule when no
spin-rotation coupling and external perturbation exist, a
H8(t) describes the external perturbation acting on the e
trons. SinceH0 is assumed to be time independent, the
genvalue equation of H0 may be written as
H0exp@(1/i\)en,st#ufn,s&5en,sexp@(1/i\)en,st#ufn,s&. The
initial state ucn,s(t50)& of Eq. ~2.3! may be taken to be
ufn,s&. Thus, the particular solution of the time-depende
equation @H01Hs-r(t)#uFn,s(t)&5 i\(]/]t)uFn,s(t)& is
given

uFn,s~ t !&5expH 1

i\
@fs~ t !1en,st#J V~ t !ufn,s&, ~3.7!
1-3
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with fs(t)5fs
(d)(t)1fs

(g)(t). Note, however, that here th
magnetic interactions such as spin-orbit and spin-spin c
plings inH0 have been combined intoHs-r(t) ~i.e., this leads
to the commutation relation@H0 ,Hs-r(t)#50) in order that
the exact particular solution can be obtained conveniently
the above unitary transformation method. The solution of
time-dependent Schro¨dinger equation

@H01Hs-r~ t !1H8~ t !#uC~ t !&5 i\
]

]t
uC~ t !& ~3.8!

associated with the total Hamiltonian is assumed to
uC(t)&5(n,san,s(t)uFn,s(t)&. Substitution of this expres
sion into this time-dependent Schro¨dinger equation yields

i\
d

dt
am,s8~ t !5(

n,s
an,s~ t !^Fm,s8~ t !uH8~ t !uFn,s~ t !&.

~3.9!

Further calculation shows that

^Fm,s8~ t !uH8~ t !uFn,s~ t !&

5expF 1

i\
f tot~ms8,ns;t !GHms8,ns

8 ~ t !, ~3.10!

where Hms8,ns
8 (t)5^fm,s8uV

†(t)H8(t)V(t)ufn,s& and
f tot(ms8,ns;t)5@fs(t)1en,st#2@fs8(t)1em,s8t#.

If the initial state isuFk,s&, i.e., ak,s(t50)51, then

am,s8~ t !5
1

i\E0

t

Hms8,ks
8 ~ t8!expF 1

i\
f tot~ms8,ks;t8!Gdt8,

~3.11!

and the transition probability from the stateuFk,s& to
uFm,s8(t)& is Wks→ms85am,s8

* (t)am,s8(t).
Note that the exact solutions of the auxiliary equatio

~2.6! are often of complicated form. As an illustrative e
ample, here we consider a physically interesting solution
Eq. ~2.6!, which stands for a typical case where the prec
sional frequencyẇ is constant~denoted byV) and the nuta-
tional frequencyu̇ vanishing. The explicit expression for th
simple solution is

g~ t !5w~ t !5Vt, l̇5 u̇50, ~3.12!

where the time independent

V5
v0sin~l2u!

sinl
. ~3.13!

Here the C60 molecule precesses at an angular velocityV

about thez axis (vW deviates fromz axis by a constant angl
u). Thus it follows that in this case the nonadiabatic nonc
lic dynamical phase and the geometric phase of the elec
are proportional to timet, i.e.,

fs
(d)~ t !5@v0s cos~l2u!#t, fs

(g)~ t !5Vs~12cosl!t,
~3.14!
19542
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respectively, and the total phase differencef tot(ms8,ks;t)
in transition matrix element̂ Fm,s8(t)uH8(t)uFk,s(t)& is
therefore of the form

f tot~ms8,ks;t !5$~s2s8!@v0cos~l2u!1V~12cosl!#

1~ek,s2em,s8!%t. ~3.15!

It follows from expression~3.15! that the photon energy
absorbed or emitted in the transition process fromuFk,s(t)&
to uFm,s8(t)& is shifted by (s2s8)@v0cos(l2u)1V(1
2cosl)# due to the electron spin-rotation coupling and t
consequent geometric-phase effect. Apparently, the en
shifted by the dynamical phase and the geometric phase
plies the information~i.e., v0 , V, and u) about the rota-
tional motion and precession of the C60 molecule in con-
densed phases. This, therefore, means that it is possibl
the information on the molecular rotation and precession
be read off in the photoelectron spectroscopy.

IV. POTENTIAL APPLICATIONS TO PHOTOELECTRON
SPECTROSCOPY AND RELATED FIELDS

Let us evaluate the precessional frequencyV and the ef-

fective gravitomagnetic fieldBW 5vW 3vẆ /v2. At 283 K it is
measured that the molecular reorientational correlation t
t is 9.1 ps, that, is three times as long as the calcula
correlation timet @[ 3

5 (I /kBT)1/2, with kB and T being
Boltzmann’s constant and the absolute temperature, res
tively# for free rotation~i.e., the unhindered gas-phase rot
tion! at this temperature.4 The interaction energy of C60 mol-
ecule with the angular momentumLW acted upon by the

effective gravitomagnetic fieldvW 3vẆ /v2 is E52(vW

3vẆ /v2)•LW . As is assumed above, the angular velocity
C60 molecule is vW (t)5v0(sinu cosVt,sinu sinVt,cosu),
and the effective gravitomagnetic field is therefore

BW 5V sinu~2cosu cosVt,2cosu sinVt,sinu! ~4.1!

that is, apparently perpendicular to the angular momen
LW . Thus the magnitude of noncentral intermolecular torq
acting on the rotating C60 molecule is uMW u5uBW 3LW u
5v0VIsinu with I .1.0310243 Kg m2 ~Ref. 4! being the
moment of inertia of C60 molecule. The order of magnitud
of uMW u may be approximately equal to~or less than! the Van
der Waals potential energy~0.001–0.1 eV!, which may be
seen as follows: roughly speaking, the moment of noncen
intermolecular force is the product of the van der Waals fo
~referring to the noncentral part! and the distance betwee
molecules, the order of magnitude of which is often abo
the van der Waals potential energy. Since it follows that
the high-temperature phase~orientationally disordered
phase!, v0 may be 1011 rad/s, the precessional frequencyV

is therefore compared tov0, i.e., V.uMW u/Iv0 ranges from
1010 to 1012 rad/s. However, in the low-temperature pha
~orientationally ordered phase!, v0 decreases~e.g., v0
;109 rad/s) and in turn the precessional frequencyV in-
creases by a factor of;100. This, therefore, means that
1-4
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the high-temperature phase the precessional frequencyV is
1012–1014 rad/s. Thus, the precessional frequency of C60
molecule is much greater than the rotating frequencyv0
~which means that in this case the dynamical phases du
the spin-rotation coupling can be ignored! and the frequency
shift in the transition matrix element due to geometric pha
can be compared to the typical energy of an electron in so
namely, according to the expression (s2s8)@v0cos(l2u)
1V(12cosl)# for the valency electron energy shift due
the electron spin-rotation coupling, where the precessio
frequencyV51012–1014 rad/s, the valency electron energ
shift in orientationally ordered phase is about 0.001–0.1
Hence, it follows that the effects resulting from the sp
rotation coupling and geometric phases in C60 molecules de-
serve further investigations both theoretically and exp
mentally.

Additionally, it should be pointed out that the photoele
tron spectroscopy will suffer several broadening effects s
as thermal broadening. It is truly possible that the therm
broadening in C60 solid would muss the proposed ener
shift. But this problem is not very serious, since below 250
the thermal broadening is less than 0.01 eV and the vale
electron energy shift in the orientationally ordered phase
of the order of magnitude of 0.001–0.1 eV. For the case
0.1 eV of energy shift, the experimental data of photoel
tron spectroscopy will not be affected much by the therm
broadening. In general, the lower is the temperature, the
is the influence of thermal broadening on photoelectron sp
troscopy. So, our method can be applicable to the orie
tionally ordered phase. However, for the orientationally d
ordered phase, the broadening effect may have a s
influence on the photoelectron spectroscopy. For this rea
the experimental scheme to investigate the noncentral in
molecular potential of C60 presented here is more suitable f
the orientationally ordered phase than the high-tempera
phase~orientationally disordered phase!.

Thus, in principle, the operating procedure to study
noncentral interaction between C60 molecules is as follows.

~i! By making use of the phase/frequency shift formu
~3.15!, we read off the information~i.e.,V, v0 , u andl) on
the precession and rotation of C60.

~ii ! With the help of Eqs.~3.13! and~3.14!, one can arrive
at the rate of change of rotating frequency of C60 molecules
and in consequence obtain the so-called gravitomagn
field strength according to expression~2.2!.

~iii ! Thus, we obtain the moment of noncentral interm
lecular forces acting on the C60 molecules by the aid of Eq
~2.1! and consequently derive the noncentral intermolecu
potential of C60 molecules.

~iv! Based on the above obtained noncentral intermole
lar potential, we can consider the molecular dynamics, ph
behavior, phase diagram, and crystal structures in C60 solid
below 300 K.

V. CONCLUDING REMARKS

In general, the interaction between two C60 molecules is
the sum of the interactions~van der Waals forces! between
all of the carbon atoms on one molecule with those of
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other. In the gas phase, and in the solid when the tempera
is high enough~at least for temperature above 300 K!, the
noncentral part of the intermolecular forces disappears
therefore the C60 molecules rotate rather freely.6,7 The Giri-
falco potential applies very well in these cases. In the lo
temperature phase where the noncentral intermolecular
tential causes the precession of angular momentum of60
molecules and the interaction of valency electron spin w
the time-dependent rotation of C60 molecules, which will
produce electron geometric phases, we suggest an ex
mental scheme to obtain the information on the noncen
intermolecular potential through the photoelectron spectr
copy of C60.

It is apparently seen that the investigation of the sp
rotation geometric phases of valency electrons in C60 mol-
ecules is of physical interest, discussed as follows.

~i! It enables us to study the relation between the pho
electron spectroscopy and the rotational motion of C60 mol-
ecules. Moreover, since geometric phases of electrons in
C60 molecule depend on other C60 molecules@via the effec-

tive gravitomagnetic field strengthvW 3vẆ /v2 and hence the

intermolecular torque (vW 3vẆ /v2)3LW ] and thus imply the
information about the thermal motion and rotational dyna
ics of C60, it is helpful to analyze the condensed phases~and
hence the phase-transition behavior! of solid C60.24

~ii ! For the present, Mashhoon’s spin-rotation coupli
can be tested only in microwave experiments,14 since this
coupling is relatively weak due to the smallness of the ro
tional frequency of various rotating frames on the Earth. F
tunately, here the rotational motion of the C60 molecule can
provide us with an ingenious way to test this weakly gra
tational~gravitomagnetic! effect. Since the rotational angula
velocity v0 of rotating C60 molecules is much greater tha
that of any rotating bodies on the Earth, the C60 molecule is
an ideal noninertial frame of reference for the electrons in
C60 molecule, where the effects resulting from the electr
spin-rotation coupling may be easily observed experim
tally.

~iii ! As was claimed previously, in addition to th
Aharonov-Carmi geometric phase due to the Coriolis fo
~gravitomagnetic Lorentz force!,17 there exists another geo
metric phase associated with gravitational fields arising fr
the interaction between the spinning particle and the tim
dependent gravitomagnetic fields. In the present paper,
time-dependent gravitomagnetic field strength is just the
tating frequencyvW (t) of C60 molecules. It may be reasonab
believed that, from the point of view of equivalence princip
in general relativity, this geometric phase itself appears
possess rich physical significance and should therefore
considered in more detail.

To summarize, we study the C60 molecule precession an
geometric phases of valency electrons due to the tim
dependent spin-rotation coupling in C60 molecules. Since in
the orientationally ordered phase the precessional freque
of C60 is fairly great, the effects of geometric phases will
apparent and even may therefore be read off from the p
toelectron spectroscopy, which enables physicists to inve
gate the noncentral intermolecular potential and hence
1-5
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rotational dynamics and phase transition of C60. Addition-
ally, the present work will also make possible a test of Ma
hoon’s spin-rotation coupling by measuring the spin-rotat
geometric phases of electrons in C60 molecules with rapid
rotation. We hope all these physical phenomena and eff
would be investigated experimentally in the near future.
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