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The rapidly rotational motion of £ molecules will provide us with an ingenious way to test Mashhoon’s
spin-rotation coupling. Since in the low-temperature phHaséow 300 K of Cq, solid the noncentral intermo-
lecular potential will cause the precession and nutation of rotating frequengy, ofdecules, which gives rise
to a time-dependent coupling of valency electron spin to thgrGtation, the electron wave functions in
rotating Gy molecules will acquire geometric phases arising from this time-dependent spin-rotation coupling.
The geometric phases of valency electrons iy @olecules is calculated by using the Lewis-Riesenfeld
invariant theory in the present paper. It is shown that geometric phases of electrogamol€cules may be
measured through the photoelectron spectroscopyggf & physically interesting fact that the information
about rotation and precession of@nolecules in the orientational orderéat disorderedlphase may be read
off from the photoelectron spectroscopy qf;@& also demonstrated. Thus, the measurement of variatiogyof C
rotating frequency through the photoelectron spectroscopy will enable us to obtain the noncentral intermolecu-
lar potential, which is helpful in investigating the molecular mechanicsgfsGlid.
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. INTRODUCTION sample G, undergoing a quasifree rotatiérthus it follows
that the molecular dynamics ofggrotation is of great im-
The information on the rotational dynamics ofgGnol-  portance, since it is related close to the molecular thermal

ecule in condensed phases has been obtained from nucleanotion, phase transition, and crystal structure of solig. C
magnetic-resonancéNMR) studies: Both NMR spectros- Generally speaking, in the high-temperature ph@seg.,
copy and quasielastic neutron-scattering experimMentsranging from 300 K to 2000 K the noncentral part of the
indicated the rapid rotation of g molecules whose rota- intermolecular potential, which provides the orientational or-
tional correlation time may be picoseconds in the orientadering of molecules in the low-temperature phase, vanishes
tionally disordered phase. Historically, many researches werafter averaging over all orientations of rapidly rotating
in connection with the molecular dynamics of,Gotation®>  molecule$” Using the standard Lennard-Jones function for
Heineyet al. found from x-ray-diffraction and calorimetrical the atom-atom interaction between two molecules and aver-
measurements that solidsgexhibits a phase transition near aging, Girifalco obtained the central intermolecular potential
249 K from a simple cubic structure at low temperatures to dor the gaseous and fcc phases of thg @illerene® By
face-centered-cubic structure at high temperattie$hese  utilizing this Girifalco potential for G, molecules, Zubov
studies suggest that the phase above the transition tempes-al. calculated the saturated vapor pressure and enthalpy of
ture is characterized by free rotation or rotational diffusionsublimation of the g fullerite® and Hasegawat al. inves-

and that the phase below the transition is characterized biygated the solid-fluid phase boundary and phase diagram of
jump rotational diffusion between symmetry-equivalent ori-Cq, based on the Monte Carlo methddVe can conclude
entations. The correlation time for both phagesentation-  without exaggeration that it has been successful in studying
ally ordered phase below 249 K and orientationally disor-the high-temperature phase diagram gf &y using the Giri-
dered phase above 249) Kvere measured to fit with an falco potential modé&P° and molecular-dynamicgMD)
Arrhenius law, which leads to the fact that in the low- simulation. For example, Caccamo applied the modified-
temperature phase the correlation timiecreases by a factor hypernetted-chain theory to the determination of the phase
of ~40. For examples varies from 0.44 to 0.29 ns as the diagram of Gy, and compared his results with available MD
temperature varies between 241 and 2524 1K.order to in-  simulation data, and found that the phase diagram obtained
vestigate the dynamics of¢grotation, Johnsoret al. per-  was in quite good agreement with previous MD restflts.
formed detailed measurements of the reorientational correlavioreover, Caccamo clarified the following physical fact that
tion time for solid Gg over the temperature range 240—331there truly exists a liquid phase between 1600 and 1900 K.
K and again showed that the correlation time satisfies thélthough the investigation of central intermolecular poten-
Arrhenius behaviot. Cheng et al. presented molecular- tials and high-temperature phase qf,@chieves success, to
dynamics investigation of orientational freezing in pure solidthe best of our knowledge, in the literature, the noncentral
Ceo based on a pairwise-additive atom-atom intermoleculaintermolecular potentials of g below 300 K gained less
potential® Kiefl et al. reported the study of the molecular attention than they deserved. However, the noncentral inter-
dynamics and electronic structure pf"-Cy, radical in a  molecular potentials are indeed essential for the molecular-
highly crystalline sample of pureggand showed a signal at dynamics simulation of phase diagram in orientationally or-
room temperature which is @ *-Cg radical in crystalline dered and disordered phases below 300 K. How can we find
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an effective way to obtain the information about the noncena peing the area vector surrounded by a closed path along
tral intermolecular potentials of g solid? . which the electron moves, appearing in the gravitational
Fortunately, since the moment of noncentral intermolecuaharonov-Bohm effect is negligibly small compared with
lar force provided by one ¢ molecule will cause the varia- the geometric phase due to the interaction of electron spin
tion of the angular momenturtand hen_ce the rotating fre- with the rotating framespin-rotation coupling
quency of the other G, molecule about its centroid, and the  Below 250 K in G solid, the molecules do not rotate
time-dependentating frequency may result in a geometric freely and the noncentral part of intermolecular force will
phase(due to the spin-rotation couplingf valency electrons  give rise to the precession and nutation of angular momen-
in this Gso molecule. If we can extract the information on the tum and rotating frequency of g molecules. In what fol-
valency electron geometric phases from the photoelectropws, the relationship between the rate of change of angular
spectroscopy of €, then this will provide clue to the physi- momentum of rotating & molecules and the time evolution
cists on how the noncentral intermolecular force works inof valency electron wave function undergoing a time-
Ceo solid. So, in this paper we will propose an approach togependent spin-rotation coupling is taken into account.
the investigation of noncentral intermolecular potentials and Sjnce the interaction between,@mnolecules in solid g,
molecular-dynamics of §. We suggest that both the spin- js the van der Waals potential, the coupling is relatively weak
rotation coupling of electrons and the consequent geometrig, § therefore the magnitude &q does not easily alter,

phases can provide us with an insight into the rotational dyg,cent that it gives rise to the variations of the direction of

namics, intermolecular interaction, and thermal motion of - . . -
C. molecules w. By the aid of the above assumptiofe.g., @/dt)w?
60 .

Basically, the spin-rotation coupling considered here is__ 0], the phenomenological equation for th_e rota_1t|onal mo-
one of the gravitational effects since the nature of the inertiaf!o" of the Ggo molecule weakly coupled to its neighbors is
force (e.g., the Coriolis forceis the gravitational force ac- derived as

cording to the principle of equivalence. Mashhoon showed d

that a particle with an intrinsic spin possesses a gravitomag- —=BxL, (2.1
netic moment that can be coupled to the gravitomagnetic dt

fields™ By using the coordinate transformation of gravito- where the effective gravitomagnetic field strength which
magnetic vector potentials in Kerr metric from the fixed |eads to the precessional motion of,@nolecules, reads
frame of reference to the rotating frartfeit is readily veri-

fied that the rotating frequenagr of a rotating frame relative . oXe
to the inertial frame of reference can be regarded as a gravi- B=—3>. 2.2
tomagnetic field? The Hamiltonian of spin-rotation cou- @

pling, H*'=w-S, can be obtainéd"*by making use of the  Here dot denotes the derivative @fwith respect to tim;
Dirac equation in the curved space-tiffewhereS denotes  the angular momentus of the Gy, molecule is defined to be

theFlspin' operatlorhof a spib-pgrticlg. he el . | L=l with the moment of inertid being approximately
_Fleming et al. have considered the electron-spin relax-z 2 '\yharem anda (0.355 A denote the mass and radius
ation of Gy, induced by the coupling of the electron spin to

) : ) of the molecule, respectively. Note that here the rota-
the molecular rotational angular momenttfiSince in some So - P Y
certain cases the rotating frequerieyy., 18 rad/s in orien- tional angular velocityw of Cgo molecules acted upon by
tationally disordered phastsof Cg, molecule can be com- intermolecular Interactions tme dependem!ue to the mo-
pared to the electron Larmor frequency in a magnetic fielcJecular thermal motion and thermal fluctuations in solig.C

arising from molecule rotation, it is necessary to consider the>©: the Hamiltonian describing the coupling of spin of elec-

gravitational analog of Fleming's case. Moreover, in Sometron_s(such as those in the delocalizedbond which has the

cases such as in the low-temperature phase, the precessiorcenjugation effedtto the time-dependens(t) is given by
Cgo molecules around cones is faster than the molecular ro-57(t) = w(t) - S and the time-dependent Schinger equa-
tation (see, for example, in the following evaluatiprand  tion governing this electron spin-rotation coupling is
therefore it is also essential to deal with the precessional
motion of G molecules and the consequent geometric
phases of valency electrons in molecules.

d
HE(O)] o) =i 2| (1) 23

For convenience, we set thgg3otating frequency
Il. TIME-DEPENDENT SPIN-ROTATION COUPLING

First, we consider the geometric phase of electrons arising @(1)=@o[Sin6#(t)cose(t),sind(t)sine(t),cosb(t)],
from the time-dependent spin-rotation coupling in the rotat- 24
ing Cgo molecule which undergoes a precessional motionwhere w, is time independent ané(t) and ¢(t) stand for
Note that the gravitational Aharonov-Bohm effe@@lso  the angle displacements in the spherical polar coordinate sys-
termed Aharonov-Carmi effedd due to the Lorentz mag- tem. In order to exactly solve the time-dependent Schro
netic force(i.e., the Coriolis forcg can be ignored in our dinger equation(2.3), in what follows use is made of the
following consideration, since Berry’s phasemgf)-,& with Lewis-Riesenfeld invariant thealy/and the invariant-related
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unitary transformation formulatiot?:*® So, according to the with |¢,(t))y=V'(t)|#,(1)), is different from the eigen-

Lewis-Riesenfeld theol an invariantl (t) that satisfies the state of I, only by a time-dependent-number factor

Liouville—Von Neumann equation a(dt)I(t)+(1fiA)  exp((1i#)[ ¢ (t) + ¢'P(t)]), where the nonadiabatic non-

X[1(t),H*(t)]=0 should be constructed in terms of the cyclic dynamical phase is

spin operatorsS. and S; with S.=S;*iS,. Thus the in-
. . t

variantl (t) is of the form ¢>Efd)(t)=<ff wo{COSN (t')cosA(t’)

0
[(t)=2sin\(t)exd —iy(t)]S, + 2sin\(t)exdiy(t)]S_

+cos\(1)Ss, 2.5 +sinA(t")sind(t")cog y(t') — ¢(t")]}dt’

3.3
where the time-dependent paramete(s) and y(t) are de- . . . . .
termined by the following two auxiliary equations: and the nonadiabatic noncyclic geometric phase is
) t .
A= wosinfsin(e—v), ¢f,9>(t)=af {y(t")[1—cos\(t")]}dt’. (3.9
0
y= wo[ cosf—sinf cot\ cofo—7y)], (2.6 If the adiabatic cyclic evolution process is taken into consid-

eration, then it is verified that the present calculation is self-
consistent. This may be illustrated as follows: in the adia-
batic cyclic case, where the parameters- #=const, y

with dot denoting the time derivative af(t) andy(t). Note
that insertion of expressions fdi(t) and HS'(t) into the

Liouville—Von Neumann equation yields E.6). In accor- dth ional f Qi I th
dance with the Liouville—Von Neumann equation, the invari- _ ¢ and the precessional frequengy:22 IS very smatl, the
nonadiabatic geometric phasé3.4) in one cycle T

antl(t) possesseime-independentigenvalues, which en- ; : ) . :
ables us to obtain the exact solutions of the time-dependerﬁzﬁlm IS re_duced t0 the expression for Berry's adiabatic
Schralinger equatior(2.3), for it is readily verified that the cyclic topological phasd

particular solutions of Eq.2.3) are different from the eigen- (@) — _

states of the invariant (t) only by a time-dependent s (T)=2mo(1-cosd), 39
c-number factof® If once the eigenvalue equation kft) is ~ where 2r(1—cosé) is a solid angle over the parameter
exactly solved, then the solutions of the time-dependengpace of the g rotational frequencys(t). This fact implies
Schralinger equatiorf2.3) are easily obtained. By utilizing @ that geometric phases possess the topological and global

unitary transformation operator properties of time evolution in time-dependent quantum
. systemg123
V(t)=exd S, —B*S_], 2.7 If the eigenstate of,, corresponding to the eigenvalwe

with B(t)=— (A (t)/2)exd—int)] and B*(t)=—(\(t)/ is |0’>, then the eigenstatg of the invgrialr_(t) is V(t)J o). .
2)exfin)],1%2%the time-dependent invariahft) can be Hence, in accqrdance Wl'th the LeW|s—R|esenfeId invariant
transformed into a time-independent one, i.ely, theory, the particular solution correspondingitof Eg. (2.3
=V 1)I()V(t)=S,;, where the time-independent eigen- "€2ds
value ofS; is o=+ 34 for the electron. 1
|w0<t>>=exp{@[¢£;"<t>+¢£9><t>] V(v)lo). (3.6
I1l. GEOMETRIC PHASES OF ELECTRONS IN
ROTATING C go MOLECULES The influence of spin-rotation coupling and geometric
phases discussed above on the photoelectron spectroscopy in
Since @/at)l,=0, the Liouville-Von Neumann equation the Gy, molecule deserves considerations. The total Hamil-
under this unitary transformation may be rewritten astonian of an electron in the g molecule acted upon by the
[Iy,HY(t)]=0. It follows thatHy/(t) depends only on the external perturbatiote.g., the radiation fieldsan be written
third component; of the spin operator of the electron. Fur- asH=Hg+HS'(t) +H’'(t), whereH, represents the Hamil-
ther calculation yields tonian of the valency electron in thes@molecule when no
spin-rotation coupling and external perturbation exist, and
H'(t) describes the external perturbation acting on the elec-
trons. SinceH, is assumed to be time independent, the ei-
. genvalue equation of H, may be written as
+sink siné cogy—¢)]S3+ y(1—Cos\)S;. Hoexd (Li%) €n ot] bn o) = €noeXHA(Li%) €n ot]| b o). The
(3.1) initial state |, ,(t=0)) of Eqg. (2.3 may be taken to be
|én.o). Thus, the particular solution of the time-dependent
This, therefore, means that the particular solutig(t))y  equation [Ho+HS(t)]|d, (t))=i%(a/at)|D, (1)) is
of the time-dependent Schiimger equation given

Hf‘,'r(t)EVT(t)[ HS(t)—i% %V(t) = wo[ COS\COSH

d 1
HYO[g()y=1%—[¢.(t)y, 3.2 |(Dn,a(t)>:exp[m[¢o(t)+En,ot]]V(t)|¢n,0'>v (3.7)

195421-3



JIAN-QI SHEN AND SHAO-LONG HE PHYSICAL REVIEW B68, 195421 (2003
with ¢, (t)= ¢ D (t) + #'9(t). Note, however, that here the respectively, and the total phase differentg(mo’ ka;t)
magnetic interactions such as spin-orbit and spin-spin coun transition matrix elemen{®, ,.(t)|H'(t)|®} ,(t)) is
plings inH, have been combined inta*(t) (i.e., this leads therefore of the form

to the commutation relatioHy,H®'(t)]=0) in order that , )

the exact particular solution can be obtained conveniently via®wol( Mo’ . ko;t) ={(o—0c")[ @oCOL\ — ) + (1~ cos\) ]

the above unitary transformation method. The solution of the +(€xo— €mon) . (3.15

time-dependent Schdinger equation

J
[Ho+H (D) +H' (][ W () =iA [T (1) (39

associated with the total Hamiltonian is assumed to b
|W(t))=2p pn o(t)|Pn (). Substitution of this expres-

sion into this time-dependent Scklinger equation yields

d
i Gt 8mo (0= 2 an o((Pm e (D] (0]Pp,o(1)).

(3.9
Further calculation shows that
<(I)m,0"(t)|H’(t)|q)n,a'(t)>
1 ) ,
=ex mqsmt(mo Nost) (He o ng(D), (3.10
where  H ,  ()=(dmo VI (OH (OV(D)|¢n,) and

d’tot(mo-’ ,nﬂ';t) = [ d)(r(t) + en,(rt] - [ d’(r’(t) + Em’(,./t] .

If the initial state is|® ,), i.e.,ay ,(t=0)=1, then
dt’,
(3.11

and the transition probability from the stai@, ,) to
|q)m,0"(t)> is Wkﬂ'*?mﬂ', = a:‘n’g—’(t)am,a’(t)'

1t 1
Ay o (1)= ELng,’ka(t’)ex;{E Pio(mo’ ko;t')

It follows from expressior(3.15 that the photon energy

absorbed or emitted in the transition process fidm ,(t))
to |®.,,(t)) is shifted by @—o')[wocosh—6)+Q(1
—Ccos\)] due to the electron spin-rotation coupling and the
onsequent geometric-phase effect. Apparently, the energy
shifted by the dynamical phase and the geometric phase im-
plies the information(i.e., wq, €, and #) about the rota-
tional motion and precession of thesgOmolecule in con-
densed phases. This, therefore, means that it is possible for
the information on the molecular rotation and precession to
be read off in the photoelectron spectroscopy.

IV. POTENTIAL APPLICATIONS TO PHOTOELECTRON
SPECTROSCOPY AND RELATED FIELDS

Let us evaluate the precessional frequeficyand the ef-
fective gravitomagnetic fiel=wXx o/w?. At 283 K it is
measured that the molecular reorientational correlation time
7 is 9.1 ps, that, is three times as long as the calculated
correlation timer [=£(1/kgT)Y? with kg and T being
Boltzmann’s constant and the absolute temperature, respec-
tively] for free rotation(i.e., the unhindered gas-phase rota-
tion) at this temperatur&The interaction energy of ¢ mol-
ecule with the angular momentum acted upon by the

effective gravitomagnetic fieldoX ol w? is E=—(c3
X wlw?)-L. As is assumed above, the angular velocity of
Cgo Mmolecule is z:)(t)=wo(sin 6 cosQt,sin6sint,cosé),

Note that the exact solutions of the auxiliary equationsand the effective gravitomagnetic field is therefore

(2.6) are often of complicated form. As an illustrative ex-
ample, here we consider a physically interesting solution to
Eq. (2.6), which stands for a typical case where the preces

sional frequencyp is constan{denoted by}) and the nuta-

tional frequencyd vanishing. The explicit expression for this

simple solution is

y=e(t)=Qt, A=6=0, (3.12
where the time independent
woSin()\— 0)
~ sin\ (3.13

Here the G, molecule precesses at an angular velo€lty

B=0 sin6(—cosé cosQt, —cosd sinQt,sing) (4.1)

that is, apparently perpendicular to the angular momentum
L. Thus the magnitude of noncentral intermolecular torque

acting on the rotating g molecule is [M|=|BXxL|
=woQIsing with 1=1.0x10 3 Kgm? (Ref. 4 being the
moment of inertia of g, molecule. The order of magnitude
of |I\7I| may be approximately equal tor less thajthe Van

der Waals potential energ{.001-0.1 eV, which may be
seen as follows: roughly speaking, the moment of noncentral
intermolecular force is the product of the van der Waals force
(referring to the noncentral parand the distance between
molecules, the order of magnitude of which is often about
the van der Waals potential energy. Since it follows that in

about thez axis (o deviates frome axis by a constant angle the high-temperaturtle phas¢orientationally ~ disordered
§). Thus it follows that in this case the nonadiabatic noncycPhase, wo may be 16" rad/s, the precessional frequeridy
lic dynamical phase and the geometric phase of the electrois therefore compared t@g, i.e., Q=|M|/l o, ranges from

are proportional to time, i.e.,

¢ (t)=[woo codA—O)]t, ¢P(t)=Qc(1—cos\)t,
(3.14

10*° to 10'? rad/s. However, in the low-temperature phase
(orientationally ordered phage w, decreases(e.g., wg
~10° rad/s) and in turn the precessional frequertyin-
creases by a factor of 100. This, therefore, means that in

195421-4



GEOMETRIC PHASES OF ELECTRONS DUE TO SRIN . PHYSICAL REVIEW B 68, 195421 (2003

the high-temperature phase the precessional frequéniy  other. In the gas phase, and in the solid when the temperature
10*?-10" rad/s. Thus, the precessional frequency qf C is high enough@at least for temperature above 300, khe
molecule is much greater than the rotating frequeagy noncentral part of the intermolecular forces disappears and
(which means that in this case the dynamical phases due therefore the g, molecules rotate rather freély. The Giri-

the spin-rotation coupling can be ignojeahd the frequency falco potential applies very well in these cases. In the low-
shift in the transition matrix element due to geometric phase&mperature phase where the noncentral intermolecular po-
can be compared to the typical energy of an electron in solidiential causes the precession of angular momentumggf C
namely, according to the expressioo < o')[wocOSQ—6)  molecules and the interaction of valency electron spin with
+{(1—cosA)] for the valency electron energy shift due to the time-dependent rotation ofg&Cmolecules, which will

the electron spin-rotation Coupling, where the precessioneﬁroduce electron geometric phasesl we suggest an experi_
frequency() = 10'*~10" rad/s, the valency electron energy mental scheme to obtain the information on the noncentral

shift in orientationally ordered phase is about 0.001-0.1 eVintermolecular potential through the photoelectron spectros-
Hence, it follows that the effects resulting from the spin-copy of G,.

rotation coupling and geometric phases i @olecules de- |t is apparently seen that the investigation of the spin-
serve further investigations both theoretically and experiyotation geometric phases of valency electrons ig f@ol-
mentally. ecules is of physical interest, discussed as follows.

Additionally, it should be pointed out that the photoelec— (i) It enables us to Study the relation between the photo_
tron spectroscopy will suffer several broadening effects sucl|ectron spectroscopy and the rotational motion gf i@ol-
as thermal broadening. It is truly possible that the thermakcuyles. Moreover, since geometric phases of electrons in one
broadening in G solid would muss the proposed energy c., molecule depend on otherggmoleculegvia the effec-

shift. But this problem is not very serious, since below 250 K_. . - T
the thermal broadening is less than 0.01 eV and the valencgllve gravitomagnetic f'(fld strengt X /™ and hence the

electron energy shift in the orientationally ordered phase igntermolecular torque ¢ X w/w?) X L] and thus imply the
of the order of magnitude of 0.001-0.1 eV. For the case ofnformation about the thermal motion and rotational dynam-
0.1 eV of energy shift, the experimental data of photoelecics of Gy, it is helpful to analyze the condensed phagesl
tron spectroscopy will not be affected much by the thermahence the phase-transition behayiof solid Cgy.%*
broadening. In general, the lower is the temperature, the less (ii) For the present, Mashhoon’s spin-rotation coupling
is the influence of thermal broadening on photoelectron specsan be tested only in microwave experimetitsince this
troscopy. So, our method can be applicable to the orientasoupling is relatively weak due to the smallness of the rota-
tionally ordered phase. However, for the orientationally dis-tional frequency of various rotating frames on the Earth. For-
ordered phase, the broadening effect may have a smadilinately, here the rotational motion of thgyGnolecule can
influence on the photoelectron spectroscopy. For this reasopyovide us with an ingenious way to test this weakly gravi-
the experimental scheme to investigate the noncentral intetational(gravitomagnetigeffect. Since the rotational angular
molecular potential of g, presented here is more suitable for velocity w, of rotating Gy molecules is much greater than
the orientationally ordered phase than the high-temperaturdhat of any rotating bodies on the Earth, thg @olecule is
phase(orientationally disordered phase an ideal noninertial frame of reference for the electrons in the
Thus, in principle, the operating procedure to study theCgg molecule, where the effects resulting from the electron
noncentral interaction betweenygnolecules is as follows. spin-rotation coupling may be easily observed experimen-
(i) By making use of the phase/frequency shift formulatally.

(3.15, we read off the informatiofi.e., ), wg, # and\) on (i) As was claimed previously, in addition to the
the precession and rotation ofC Aharonov-Carmi geometric phase due to the Coriolis force
(i) With the help of Egs(3.13 and(3.14), one can arrive  (gravitomagnetic Lorentz forgg’ there exists another geo-
at the rate of change of rotating frequency gf @olecules metric phase associated with gravitational fields arising from
and in consequence obtain the so-called gravitomagnetide interaction between the spinning particle and the time-
field strength according to expressi@h2). dependent gravitomagnetic fields. In the present paper, the

(iii) Thus, we obtain the moment of noncentral intermo-time-dependent gravitomagnetic field strength is just the ro-
lecular forces acting on theggmolecules by the aid of Eq. tating frequencyf,(t) of C¢o molecules. It may be reasonably
(2.1) and consequently derive the noncentral intermoleculabelieved that, from the point of view of equivalence principle
potential of Gy molecules. in general relativity, this geometric phase itself appears to

(iv) Based on the above obtained noncentral intermolecupossess rich physical significance and should therefore be
lar potential, we can consider the molecular dynamics, phaseonsidered in more detail.

behavior, phase diagram, and crystal structuresgsclid To summarize, we study thesgEmolecule precession and
below 300 K. geometric phases of valency electrons due to the time-
dependent spin-rotation coupling inggdmolecules. Since in
V. CONCLUDING REMARKS the orientationally ordered phase the precessional frequency

of Cg is fairly great, the effects of geometric phases will be
In general, the interaction between twgy@nolecules is apparent and even may therefore be read off from the pho-
the sum of the interactionavan der Waals forcgsbetween toelectron spectroscopy, which enables physicists to investi-
all of the carbon atoms on one molecule with those of thegate the noncentral intermolecular potential and hence the
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