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Molecular motion and phase transition in K;Cgoy and Rb;Cgy by nuclear magnetic resonance
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Nuclear magnetic resonan@dMR) has been performed to study the molecular dynamics of famol-
ecule in KCgg and RRCyg. It is shown that the hypothesis of a uniaxial rotational motion around an axis fixed
in the crystal can satisfactorily explain the observ& NMR results. A resonance line is detected in tfe
and ®Rb NMR spectra below a temperatufé of 200 and 380 K in KCgso and RBCgp, respectively. In
particular, thisT* in K5Cgq coincides with the temperature at which we observed a phase transition. This
provides some clue about the origin of the phase transition. The discrepancy between the observed and
calculated®3C line shapes at low temperature suggests that the freezing of the molecular motion and a
structural change at the phase transition induce a significant modification of the electron density gg the C
molecule and likely on the conduction band electronic s{&6163-1826)06734-3

[. INTRODUCTION properties. The degree of overlap is sensitively affected by
the relative position of carbons of differentC Therefore,
Since the discovery of buckminsterfullere(@;y),* a va-  the low temperatureT) electronic properties of the materi-
riety of research subjects on this icosahedral molecule havals are certainly determined by the actual structure after
been developed in chemistry and solid state physics. Sudreezing of the molecular motion. Furthermore, in MgCqy
cessful synthesis of superconducting alkali doped composiompounds, a merohedral disordered fcc structure has been
tions[M3Cq, (M=K and RB] with the relatively high tran- proposed from the analysis of low temperature x-ray data,
sition temperaturdl, (about 30 K for RRCqy) has opened where the @, molecule occupies randomly one of two ori-
another research area. The interest in solid state physics éntations which can be deduced from each other by a 90°
not limited to superconductivity and metallic propertté’s. rotation with respect to the cubic sidEsi? This results in
Because of its highly symmetrical molecular shape, thg C three distinct carbon sites relative to the alkali ions, for
molecule has quite unique molecular motions in crystals. Inwhich the electronic density possibly varies.
the pristine Gy compound, a random reorientation of the Related to the above issue concerning the crystal structure
Ceo. With time scale of the order of 18" sec, has been in low T, it should be noted that a phase transition at 200 K
proposed to occur at room temperatff& Below an orien-  has been found in 4Cg,,° although no evidence for a struc-
tationally disordered-ordered phase transition temperaturiiral change has been found yet by x-ray experiments. An
around 250 K, an anisotropic uniaxial rotation takes pfate. identification of the molecular motion and a clarification of
Its axes appear to be preferentially established along fouhe connection between the phase transition and the freezing
equivalent(1,1,7 directions. The existence of the similar of the molecular motion are quite important to understand
uniaxial motion has been confirmed even igg, by Yoshi-  the low T electronic state.
nari et al. from *C-NMR measurementSA similar NMR In this paper, we shall mainly address the dynamics of the
analysis in insulating KCgo has also been made by Zimmer molecular motion and the phase transition. A numerical
et al1° The existence of the uniaxial motion in alkali doped analysis based on tH&C-NMR results will be presented to
compounds enlightens an essential role of the alkali ions irlarify the nature of the molecular motion. The agreement
the series oM ;Cq,, Which not only transfer charges onto the between the calculated and observed line shapes, together
Ceo, but also change the crystal field at thg,CThe occur-  with an interpretation of drastic changes in the spectra, allow
rence of the anisotropic motion implies that the symmetry orus to evidence the existence of the uniaxial anisotropic mo-
the Go molecule is lower than cubic. Such distortion of the tion of the Gy molecule in KCqy and RRCgy. Although a
crystal field might lift the degeneracy of the conduction bandsimilar line shape analysis has also been done by Biirad.
which originates from the triply degenerate lowest unoccufor the pristine G, compound;® our model has been ex-
pied molecular orbita(LUMO) of the G, molecule, and tended to interpret the spin-lattice relaxation ratg?l, and
affect the electronic properties. gives numerical estimates quite consistent with the data
We should like to note that theggmolecules in the crys- taken in KCgy. We also report NMR experimental results
tal are well separatetthe nearest-neighbor distance is ap-performed for the alkali nucléPK and®’Rb in the two com-
proximately 10 A while the diameter of theg@molecule is  pounds. Appearance of an extra peak in i€ spectrum
7.1 A1 Thus the narrow band associated with the smallaround the phase transition temperature, whose behavior is
overlap of carbon @_ orbitals is responsible for the metallic quite identical to that previously reported for th&b spec-
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FIG. 2. Fourier transform spectra of théC FID (a) and spin-

The apen and soi Tianglos ae theexiractad fom the obsewed S0 SIGNAS, measured at 255 K i, The vertcal ine
P 9 around 140 ppm indicates the location of the pugg €ignal con-

T,, andT,, respectively. The solid circles are the one reported bytained in our KCqo sample
Barret and TyckdRef. 15. Solid lines are the results fitted to an 60 pie.

B f
Arrenius law(Ref. 9, for 7¢ and 7. free induction decay signaFID) and a spin-echo signal.

While the FID signal includes all signals whatever, the
trum below 380 K}* provides some clue to understand the spin echo signal selects a window af values. Since the
low temperature phase. decay function of the spin-echo signal roughly obeys to

This paper is organized as follows. The NMR results forexpy—Atr), a signal component corresponding to the slow
the C nucleus as well as those f&1K and *’Rb nuclei in  (jarge 7, is expected to vanish at a sufficiently lohgvhich
K3Cqo and RRCqo will be shown in the next section and will s seen as a disappearance of the corresponding structure in
allow one to grasp the similarities and differences betweeRne FT spectrum taken from the spin echo signal.
the two compounds. The formalism used to describe the Figure 2 demonstrates the FT spectra obtained from the
NMR shift tensor at a carbon site and ﬂ"lfi‘l in the presence FID Signa| (a) and from the Spin_echo S|gn&b) at 255 K.
of the uniaxial rotation will be given in Sec. Ill. The NMR  The difference in the spectra is obvious, the broad tail ob-
line shape calculated for an axial and a nonaxial symmetry oferved in the FID spectrum disappears in the echo spectrum.
the shift anisotropy, and the recovery curve of the nucleafrhis fact led us to assign the tail to the sla§. However,
magnetization which allow to determirig will be demon-  the measurement of tHE, at the tail gave rise to the same
strated in Sec. IV together with the comparison with the dataiemperature dependence and magnitud& os those mea-
The origin of the phase transition and the appearance of thgyred at the peakSince the twor, values are so different in
extra peak in the cation NMR spectra will be briefly dis- the investigated range theT; would be significantly differ-
cussed in Sec. V in connection with the molecular motion. ent in order of magnitude, if the twe. values characterized

motions occurring on distinct molecules. These observations

Il. EXPERIMENTAL RESULTS mentioned above therefore allowed us to conclude that the
13C atoms which give rise to the tail part of the spectrum are
A. KCqo involved in the two molecular motions. This fact also means

that the two motions with markedly different time scales take
place on the same molecules, and that the molecular motions
In our previous papetwe reported the existence of two are homogeneous throughout the material.
distinct correlation timegr,) related to the molecular mo- Another important observation in our previous paper was
tions of the G, in K4Cq. The T dependence of the fasf  an occurrence of a phase transition around 200 K evidenced
was extracted from an observed broad peal i, while by a clear anomaly in the differential thermal analy§3A)
that of the slowrg was deduced from a combination of data measurements and an abrupt increase of the linewidth of the
on the spin-spin relaxation rafe, * around 300 K and from FID spectrum, as shown in Fig. 3. The fact that the shape of
that reported by Barret and TycRd.Figure 1 summarizes the DTA signal at 200 K was the same as that due to the C
our main results about the correlation times. The slopes ofontamination in our sample observed at 260 K supports the
each 7, allowed to determine the activation parameters foroccurrence of a phase transition. Although the two anomalies
the corresponding motions by fitting to an Arrenius law. The(Fig. 3 observed in the linewidth around 90 and 270 K can
respective activation energies for the fést) and slow(7?) be attributed to the slowing down of the activated motions in
motions were estimated to be 2600 and 6800 K. It is notedrig. 1, which occur foryHgy7.~1, the anomaly at 200 K
that the former value is similar to the one determined bycannot be interpreted by these activation processes.
NMR (Refs. 4 and Bin pristine G in the low T phase It is also very important to clarify whether or not the
below the transition temperature. molecular motion persists below the phase transition. Figure
The existence of twor.’s raised an important question 4 shows a comparison of two spectra measured at 255 K
about an eventual inhomogeneity of the molecular motion(solid line) and 160 K(dotted ling with different horizontal
Do these motions take place on the samgr@olecule or do  scales. Although a larger anisotropy of the shift is required to
they occur on different molecules? The answer was given bgxplain the spectrum at 160 K, the two spectra are very simi-
comparing Fourier transforrfFT) spectra obtained from a lar to each other. As demonstrated in Sec. 1V, this character-

1. BC NMR



54 MOLECULAR MOTION AND PHASE TRANSITION N. .. 6157

T “KNMR O [T
N e
M BT O\

%w7 N W\/\//\_,ZE’QK

170 200 230 260 ]

[[=Y
]
—o— 1
—e—
-
[=—]
&

w

HW.H.M. (kHz)
N

T ()
1 [ éjéé a
[ ° 1 / )
- Soeeeeesee —— |
0 L PRI S S W ST WA SRS (NN SN U WU S (N YT SR WO S NS T 1 . . . : L . . . . L * . . .
0 100 200 300 400 500 -200 -100 0 100
AK (ppm)

T (K)

. . FIG. 5. Fourier transformed spectra®K FID signals in KCg

FIG. 3 Main: Telrglperature_ dependence of the half_ width atyoasured at the temperature indicated. Th®, andT’ stand for

half maximum of the _C peak in KCe. Inset: The solid and the tetrahedral, octahedral, and new peak assigned td thite

dotted lines are DTA signals ofdCqo and of the background. The et from the ideal position, respectivelgetails in text. The
arrows indicate the onsets of the phase transitions. reference frequency is taken as the resonance of KCI.

istic line shape can be nicely reproduced by the uniaxia{

m°“°.’? quEI' It can therefpre b? concluded that the phas ears above 400 K The appearance of this extra peak im-
transition Is not accc_Jmpanl_ed W'th a tqtal freezmg of theplies that a new K site with different electronic state is es-
?borﬂ%?'cig)%;hiﬁ ﬁgg]vt/igftr:/ 'Z}’V'ch;slgr:gk?%rfe;?%ggft?ﬁetablished around 200 K., at which.th.e phasel transition is
molecular motion. The increase of the linewidth Shoulddetected. Not_e that tHE' line has a similar Ilnew[dth to that
rather be attribute'd to a modification of the electronic stat of theT or O Ilnes.at t.he same {emperature. This means that
on the G, caused by the phase transition %he_shlft of t_heT’ Ilne_ls mainly due to a difference in mag-
0 y P ’ netic hyperfine coupling, and not to a quadrupolar efféct.
2 3% NMR The slowing down of the rotational motion of the;{C
' molecule and the occurrence of the phase transition are also
We have performed®k-NMR measurements on the monitored through th&@ dependence of the linewidth of the
sample used for thE'C NMR,*® to study the influence of the 3% lines. This is shown in Fig. 6. The linewidths at the two
slowing down of the rotational motion and of the phase tran®%K sites increase rapidly around 240 K, and displays a
sition on the alkali sites. Figure 5 shows tH& FT spectra change in itsT dependence at 200 K. The fact that the broad-
taken from the FID signal. The two lines observed at 300 Kening occurs at the two sites nearly in the same way, implies
exhibit a relative intensity ratio of 1:@vithin the experimen-  that the two sites probe the same phenomenon. If we con-
tal error of 2%. From the known roonT crystal structuré!  sider that the anisotropy of the local field at the cation sites is
these lines are immediately assigned to the octah€@d)  at most 25 ppm(estimated from the linewidth at 4.2)K
and tetrahedralT:2) sites. Let us point out here that within which corresponds to 300 Hz at the operating resonance fre-
the accuracy of the data we can conclude that the stoichiontjuency of 14.88 MHz, the extrapolation of thein Fig. 1 to
etry is not far from 2. low temperature allows to expect that the slowing down of
As can be seen in Fig. 5, an additional small lifi€  the motions should induce a broadening of ffi& line at
shows up around 200 K. The relative intensity determined aabout 240 and 96 K for the perpendicular and fast uniaxial
200 K was 36:54:1Qwithin error =4) for the O, T, andT’, rotational motions, respectively. The fact that the observed
respectively. Let us indicate here that this line is quite similalbroadening sets in around 240 K is therefore due to the slow-
ing down of the perpendicular motion. The change of the

o0 that observed in RIEs, by Walstedtet al., which disap-
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FIG. 4. Fourier transform spectra 61C FID signals in KCgo
measured at 255 Ksolid line) and 160 K(dotted ling. The hori- FIG. 6. Temperature dependence of the full width at half maxi-
zontal axes have been scaled to bring the spectra into coincidenceum of the®*K peaks in KCqo. The solid and open circles are the
(lower scale is for 160 K, and upper scale for 255 K ones for tetrahedral() and octahedral®) K sites, respectively.
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FIG. 7. Fourier transformed spectra ¥ FID signals(a) and

spin echo(b) measured at 365 K in Ry, FIG. 8. Fourier transformed spectra 8fRb FID signals in

RbyCgo measured at the temperatures indicated. Th®, and T’

broadeni . . . stand for the tetrahedral, octahedral, and new line assigned ™ the
roadening rate at 200 K provide additional evidence that th@ite slightly offset from the ideal position, respectivétietails in

dynamics in the system is suddenly modified by the&phas?ext). The reference frequency is taken at the NMR frequency of
transition. This is consistent with the abrupt change RbCI.
linewidth at 200 K(Fig. 3). So all the anomalies observed at

200 K suggest a strong connection between the phase tran-

sition, the appearance of the third line in the potassium NMR lll. BASIC FORMULATION

and the freezing of the perpendicular motion. We describe here the model used to calculate ‘fi@
NMR spectra and magnetization recovery. We assume that in
B. Rb;Cqg the fast motion(!) the G, molecule rotates back and forth

The fact that a third linel’ has been seen in tHERb around an axis fixed in the lattice frame. The slow motion
o . )

spectra below 400 K indicates that some similarity exists(TeCr) 'esngir;u?;ciz'ot?]ael ;ggtorottg%g% n;?(:gcwﬁi;rﬂzngea?ejn_

between the two systems. It is then quite interesting to comberP . s P

changed. The time scaler; is assumed to satisfy

pare the molecular motions and the phase transition on th 1 s . S

o systems. Previous wor by Tyclet l. reporiedtic 7o =T The former neaually mples tat e

spectra below roorit, presumably associated with a slowing o : . P
characteristic of the fast motion, while the consequence of

down of some molecular motion at loW.!” More accurate . o
studies of the'*C spectral shapes are required, in order to;[/r;eri:)al}tﬁgg ;ua:htgze\:ﬁgltggljI?sit;lt;lj/tg:;'Eg dvzlu$§eforetrr1(aen_
understand the relationship of the molecular motions with . . 0 ¥ 9 y the perp
a dicular motion. To represent the experimental situation, for
the appearance of thE' line. . . .
which powder samples are used, we consider a singje C
1. % NMR molecule and take into account all possible directions of the
G ' ) rotation axis with respect to the applied magnetic field. In
_ The™Clline is still narrow at a temperature where the  order to simplify the calculations, the icosaedral symmetry of
line appearsin Fig. 7, “C-NMR spectra taken &t=365 K,  the molecule is neglected, and the density of carbon atoms is
from the FID (&) and from the spin echb) are displayel  assumed to be uniformly distributed on thgyGnolecule.
As has been shown for s, the fast uniaxial molecular This assumption would eventually not be valid for experi-
motion persists below the temperature at which Tdine  ments in single crystals, for which the spectra could, for
appears. Although the FID spectrum exhibits a line shapgome orientations of the applied field, depend on the relative

different from that found in KCs, the disappearance of the orientations of the symmetry axis of the molecule with re-
tail in the spin-echo spectrum strongly suggests the existencgect to the crystalline axes.

of the uniaxial molecular motion similar to that in;&g.
The observed line shape can also be well reproduced in terms
of the uniaxial motion as will be demonstrated in Sec. IV. A. NMR spectra

We will start with the derivation of a formula which de-
scribes the NMR shift at a given carbon atom in the labora-

Figure 8 demonstrates tAedependence 6¥Rb FT spec- tory frame in the presence of the uniaxial motion. We define
tra obtained from FID signal on RBg,. Two lines observed the shift tensor of the carbon site in an atomic reference
at 420 K have a relative intensity ratio of 1(@ithin the frame as K, K, ,K,). The shift componenk, is normal to
error of 499, as expected from the crystal structure. It shouldthe sphere, whil&, ,K, are those in the tangential plane to
be pointed out that the third peak has also been found ithe sphere. The principal directions of the in-plane shifts on
Rb;Cgo around 370 K. The relative intensity determined ateach carbon site are fixed in the atomic frame, but their di-
300 K was 34:54:11with error of =2) for the O, T, andT’, rections are unknown at each carbon site. Therefore, we shall
respectively. This intensity ratio is quite similar to that in take them as arbitrary. The in-plane shift components of the
K3Cgo- This fact might also imply the phase transition tem-K, and K, should be replaced bgKXcoszqﬁvLKysin%) and
perature in RECq, around 370 K, which is twice as high as (szin2¢+Kyco§<;/>), where ¢ is uniformly distributed. To
that in K;Cgp. We will discuss the possible origin of this simplify the written formulas we hereafter represent this shift
extra peak in connection with the phase transition in Sec. Vtensor as K;,K,,K3).

2. 8Rb NMR
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Characteristic of the uniaxial rotation motion is that, contrary
Ho to the case of an isotropic rotational motion, all the carbons
v on the Gy molecule no longer exhibit a unique value of the
shift. As seen in Eqq1) and(3), the averaged shift depends
6 both on6 and y.
It should be noted that E¢3) can also be rewritten as

o(t) 0,7=(K;+K,+Kgz)cody+ 2(1—3 cogy)
\ . X (K108 0+ K,+ K;sirf6). (4

This expression allows to display tha, becomes indepen-

dent of @ for the so-called magic anghg~54.7°, obtained for
Kz (1-3cogy)=0. We find that the line shape for thes(C
rotating at the magic angle is as function at
Kiso=(K1+K,+K3)/3, as expected from the general result
at the basis of magic angle spinning NMR experiments in

In order to specify the position of the carbon site duringSOI'dS'19 . . . . .

the motion, we need three independent angles specified in In the line shape caICl_JIat!on, since the in-plane shift an-
Fig. 9. The first ondéy) specifies the position of the rotation ISotropy on thg _cart_>on site Is unknown, we summed up all
axis with respect to the external magnetic field applied alonéf'ne shapes originating from differeit with equal probabil-
the Z direction in the laboratory frame. The second is the ty, except forKX_= Ky. To reproduc_e t_he z_;tctual spectra we
longitude (6) of the atom with respect to the rotation axis, m_ust also take [nto_account the _d|str|but|on_ aiwhich is
which does not vary during the fast motion. The third angleg'ven by the de_rlvatlve elgment 3:@7/. The d'ﬁere.”t num-

: ger of carbon sites at a givehcontributes to the line shape

the random jump of the atom on its circular locus in the fastW'th a weight sif dé in the uniform density approximation

motion. The shift tensor in the laboratory frame is obtaineddone here.
by applying three Euler matrices to the shift tensor in the

Ky

FIG. 9. Definition of the angley, ¢(t), and 6.

atomic frame, each of which represents the angular opera- B. Spin lattice relaxation rate T1*
tions mentioned above. The final result which describes the \we shall now proceed a calculation of the spin lattice
actual NMR shift along th& direction is relaxation ratéT ; 1 in the presence of the uniaxial motion of
. the G molecule, and use the formalism given in Refs. 19
772() ={D1,c0 p(1) + Do;sire(t) and 20.T; ' is defined as the coefficient of the recovery of
—3 (Dqy+ Dyy)sin2p(t)}sirfy the longitudinal component of the spin operator,
—1 {(Dy3+D3p)cosp(t) — (Dogt D d 1
2 1(D13+D3y)cosp(t) = (Dygt D3y a<|Z>:__|__ (1) —(1)0). (5)
X sing(t)}sin2y+ D 35c08y. (1) !
The expectation value of the sp{h,) is given by use of a
where density matrixp via (1,)=Tr{p(t)l,}. Once the Hamiltonian
_ 2 ir? in the laboratory frame is given in the form
D11=Ky cosd+Kssino, HE () == moF [(DAL(N)expimagt), the time evolution
of p(t) is described by
D2=Ka,
d 1 . L
D a3= K Sirt 0+ K5C0£0), at p(t)=— > j%n Zi(mwo)[An(=n),[Am(n),p(t) = poll,
1 . (6)
D15=D5= 5 (Ky—Ky)sin2pcos,
where
D13=Dg3;=3(K;—Kj3)sin2s, »
Ij(mwo)zf ®; jexp(—imwot)dt,
D 3= D3p=3(K¢—K,)sin2¢ sing. 2 w
The oxx, oyy, and other off-diagonal elements can also be ®; i(1)=(Fj(O)F;(t+17)). (7

calculated in the same way.

If the rotation motion is very fast, we can replace the
square and the linear terms of g{it) and cosp(t) by 1/2
and 0, respectively. Then, E¢l) becomes

() is an ensemble average. Here, we made use of the fact that
nonsecular products iA andF in Egs.(6) and(7) are zero.
The characteristic contributions of the motionTtg* appear
through the correlation functior defined in the second
_1 ; ; equation of Eq(7).
022~ 3(K1C0S 4 Ko+ Ksim f)sirt'y A shift Hamiltonianl-o-H in an atomic frame of refer-
+ (KSirf 0+ K;cog ) cody. (3)  ence can be expressed by
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Fgﬂz%s, AM(0)=3H,l,—H-1,
M _
HM:Eq: FMAM(q), Y. —0 ’ A ftl)—o, )
=T AM(z2)=L(HYI T +H L),
ey AMED= )

where the anisotropic part of the shift tengband its asym- +C; _1Cj +18Xp{ — (Eort+ 5Eqip) 7}

metry parameter are defined in
+C;j +1Cj - 18Xp{ — (Eor+ 5Eip) 7}

é é
Kx=Kiso™ 5 (1+7), K= Kiso~ 5 (1=mn), +C; oCj 0exp{ — 6Eip 7} 1. (13
Here E,,; and Eg, are rotational diffusion constants for the
K,=Kjsot J. (9) fast rotation motion and the perpendicular flip, respectively.

The i dificati f the shift Hamiltonian induced b The C’s will be given later. Since in our case the correlation
e time modification of the shift Hamiltonian induced by o (diffusion constant of the perpendicular flip is more

the molecular motions be°°”.‘es a source for Te. The than six orders of magnitude slow@malle)y than the one of
time dependence of the Hamiltonian in the laboratory frameyq \hiayial rotation motion in th& range investigated, we

can be obtained by transforming that in the atomic frame., 4 safel _ ;

. : > : ) Y puEy,=0. Therefore the last term in EGL3)
throu_gh a lﬂrlntary matrid)(Q), which describes _the MOMON, - 4565 not contribute to the relaxation of the nuclear spin. This
that is,l-U"*gU-H, where thel andH are redefined as the assumption allows to simplify Eq13) into

spin operator and the external field in the laboratory frame.

Then the Hamiltonian can be written 2 ., )
Py j(n~g (F)) [1Cy, 12l “exp( — 4E47)

L — L : L
HY (1) “’jk%il.;ﬁz FICrj n(Q(D)a(j,mAL(N) £1C; 21/ 2exA — Exorn)]. (14
' . However, this does not mean that the slow motion does not
X exp(—iwot), (10 play any role. Indeed, while the rotational diffusion constant
of the perpendicular flip does not affect thedependence of
LYe L L Yo7 T1', this motion still plays a role as it effectively averages
FO_?’ F:1=0, Fﬂ_m' (11) the # dependence of ; ! as long as it occurs on a time scale

faster than tr21e observer,. This argument allows us to av-

L oy — u. Loy — erage thgC|“ over the ¢, 6, and ¢(t) without any weight
Ard0)=3Hzl,—H-1 Ain(0)=0, function, and thug ; * depends only ory, which is the angle
between the external field and the rotating axis of thg C

Another issue is the evaluation f * from the shift com-
ponents known from the static NMR parameters. The de-
duced value foif ;1 depends on the way in which the three
independent shift tensor parameters are assigned to the dif-
ferent spatial orientations. Within our assumptions, three
AL *+2)=FHTIT+H17), cases are naturally distinguished depending upon which shift

component is associated with

Ard+1)= HHz(IT+17)+(H +H )1},

1
A}m(i1)=E{Hz(|+—|-)+(H+—H-)lz},

AL(+2)=i(H+I+—H‘I‘) (12) g g

It = i4 ' (case 1 Kx:Kiso_§(1+7])v Ky:Kiso_E(l_ﬂ)i
The imaginary terms in th&’s appear in the process of the
transformation. TheC’s contain the motion parameters, K;=KigoT 9,
while the o's arise from the fact that the unitary matrix is
normalized. As a simple example for which the moving atom
can be specified by two Euler angles defined in an ordinary
polar coordinate, th€, ; ,(€)(t)) and e(j,n) are given in
Appendix A. o

When two distinct motions, that is, a uniaxial rotation Kz=Kiso= 5 (1= ),

motion plus perpendicular flips take place, the correlation
function is written by°

)
(case 2 K=Kt 6, Ky=Ki50—§(1+ 1),

)
1 (case 3 Ky=Kiso— P (1=m), Ky: Kisot 9,
@ i(7)= 5 (F}’)Z[Cj,—zcj,JrzexP[_(4Erot+ 2Ejjip) T}

o
K,=Kieo— = (1+ 7). 15
+Cj,1+2Cj,—26Xp — (4E o+ 2E4ip) 7} z ko 2 (1+7) (19
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After performing the averages ove, 6, and ¢, the results
for the |C|? and « are shown for each case in Appendix B.
Finally, taking into account thati=(0,0H) in the labo-
ratory frame, theT ; X(y) is given by the following formula:

T N (y=1% 12202 (FP)22{|Cy, j A *Z(4E o)

k= Re’,lm
+|C j APTEHan( DYHE,  (16) 0 100 200 300 400
where
FIG. 11. Fourier transform spectra of the FID signals(solid
~ _ 1NE ot line) measured at 255 K in 4Cgo and calculated resuftotted ling
I(NEro) = 1+ (wo/\ Emt)Z' 17) [for the uniaxial rotational jump motion. The shift teng82, 340,

186) is used in this calculatign

IV. RESULTS OF THE CALCULATIONS shape(Figs. 2, 11 and Figs. 7, 10This is however due to

A. 13C NMR spectra in the presence the fact that the slow motion of theggalso takes place in

of the uniaxial rotation motion the real system. We will come back to this point later in the

discussion ofT .

It seems worthwhile to determine whether we can associ-
. . ate the actual features in the spectra to specific rotation
symmetry axis along, tha.t IS, normal to_the sphgre. The anglesy with respect to the applied field. Figures 12 and 13
circulation of the three prmmpal \{alues in the shift tensorg;, o, thed dependence of the line shapes for the cases of the
does not produce any difference in the results. We choosgit tensors used above. Angles indicated in the figures rep-
here the shift tensof290, 290,—70), which is appropriate  eqent 4 range of values.(Since the line shapes shown in
for reproducing the observed spectrum ofs8. The line  rjoq 15 and 13 are obtained by summing up all contributions

shapg shows a characteristic form, W'th,a sharp I|n_e at theyr the variousy ranges indicated, the amplitude of each line
position ofK;s,, a shoulder and a broad tail. A small discrep- gpane correctly reflects the relative intensiligss seen in

ancy around the central peak may be due to an inhomogeng;, figures, the line shape at 50°—60° is always narrow as

ity of the 7. for the perpendicular motion. compared with the others. This is due to the rotation close to

In Fig. 11 we display that obtained for=1 (dottedgline), the magic angle. On the other hand, it is found that the broad
which was assumed in our previous paper fQCly." The o) originates from the g with rotation axes close to and far
principal values of the shift tensor are taken to(B8, 340, o the direction of the external field.

186), where the last value correspondskg, normal to the
sphere. Here again, the sharp peak originating fromkthe

In Fig. 10 we show the calculated line shapetted ling
assuming that the NMR shift tensor is ax{a=0) with the

and the broad tail are found. B. Dynamical character in the presence of the uniaxial motion
Also demonst.rated in Figs.. 10 and 11 is the compari.son of 1. Spin-spin relaxation time T

the calculated line shape with the observed speadid ) ) .

line) for the 2°C NMR of RbyCq, at 365 K and of KCe, at Figure 14 represents the time averaged shift,) as a

255 K, respectively. The agreement between them is satidunction of ¢ for the y values indicated in the figure, where
factory. This fact suggests that the uniaxial motion is well®NlY the #»=0 symmetry is considered for simplicitithe
established in the two compounds at those temperatures. 'esults forp=1is essentially identical This figure is noth-

On the other hand, as mentioned early in connection witid €lse but a visualization of E¢3). The figure shows the
the disappearance of the tail, the spin-echo spectrum at thcgfferent values of the average shift at gach carbon site. Itis
same temperature does not coincide with the calculated lin@Uite clear that the average shift for a given carbon atom will

OETDARM
10°-20°
20°-30°
30°-40°
40°-50°

50°-60° N
60°-70°

70°-80°

80°-90° ~

oo b by b e b e by, L 1 TR
-100 0 100 200 300 400 500 -100 0 100 200 300
ppm ppm
FIG. 10. Fourier transformed spectra '6€ FID signals(solid FIG. 12. Dependence of the calculated line shapes with the ori-

line) measured at 365 K in RBgy and calculated resulfdotted  entation of the rotation axis with respect to the external field. The
line) [for the uniaxial rotational jump motion. The shift teng@e0, spectra are calculated for the shift ten$2®0, 290,—70) for the
290, —70) is used in this calculatidn range ofy values indicated in the figure.
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: —— Therefore, only the source fadF, certainly arises from the

o dipole interaction betweehC in different G,'s and**C and
60° - 70° cation ions, because the rotational motion of the balls do not
S0 - 60 N\ correspond to a common magic angle rotation for the two
P 13C spins. In this case, we can expect that the sharp peak
20° - 30° should decay with &, at its static limit, which could be
—ﬁﬂ estimated from a second moment calculation in which we
. ‘ assumed a point model for thg¢balls (in a point lattice the
0 100 200 300 400 abundance of°C at the G, site is replaced by 601.1%.
ppm This is quite consistent with our observation that a small

contribution inT, ! was always observed in the whole inves-
FIG. 13. Dependence of the calculated line shapes with the oritigated T range, with an absolute value in excellent agree-

entation of the rotation axis with respect to the external field. Thement with that derived through the above second moment
spectra are calculated for the shift teng8@, 340, 186 for the  calculation® Therefore, the rotation at the magic angle must
range ofy values indicated in the figure. be responsible for the observation of the sharp peak in the

spectrum from the echo signéfFigs. 2 and Y. These argu-
change each time when a perpendicular flip of thgd2ca- ments are enough to allow us to conclude that the fast rota-
sionally happens. Since tHE,* is sensitive to fluctuating tion axis does not change to other possible axes at least dur-
components of the local field along the external fielding the time scale of,. The fact that the orientational axes
(=0oz7Hy), it is obvious that the slowing down of this per- are well established in the lattice implies that the symmetry
pendicular motion is the origin of the shoft, component of the crystal field at the & site is lower than cubic.
which appears around 300 K in our previoti€-NMR ex- There seems to exist inconsistency in understanding the
periment. The rapid increase ! is simply due to a large molecular motion in pristine & in the high temperature
activation energy for this flipping motion. The intensity loss phase between NMRRefs. 4 and Band x-ray experiments,
in the tail of the spin-echo FT spectrum can also be certainlyvhere the former result has been understood by an isotropic
explained by the fact that theggmolecules rotating around diffusive motion while the latter claims that the motion is
an axis far from the magic angle, which contribute to the tail,anosotropic. Thé3C-NMR spectra taken from FID and spin
are sensing the largest fluctuationsogf, when the flipping echo would provide critical information to understand the

occurs, which gives rise to the sharj . molecular dynamics in pristinegg
On the other hand, the carbons on thg, @olecules _ _ _
which rotate aty close to the magic angle see little variation 2. Spin-lattice relaxation rate T*

in the averaged shift, as long as the fast rotation always takes gre, it is quite worthwhile to check whether the recovery
place around the same rotation axis. As pointed out in Seqyryve for T, can also be explained consistently within the
I, this condition should result in @-function-like peak at  framework used here namely whether it shows a single ex-
Kiso In the spectrum. If the fast rotation axis did also chang&,onential behavior or it implies a multiexponential curvature.

in time, we would even lose the spin-echo signal for moder- The recovery curve is easily described by the following
ately long spin echo delays because all the carbons would t@quation with the use of th€,(y) derived in Sec. Il
forced to see different averaged fields from time to time.

Then what is the dominari, relaxation process for the Mo—M(t) —t
sharp peak corresponding to crystallites in which thg e M—OCE ex 0 )) siny. (19
rotating at magic angle spinning? Here, we should remind 0 Y 1y

that the natural abundance b¥C, 1.1%, corresponds statis-
tically to less than onéC per G, molecule. Therefore the
nuclear spin dipole-dipole interaction is negligible inside agj, i the right side originates from the distribution of the
given Q?O' Ever] i two C existin a same .baII, their d'PO"?' rotation axis with respect to the external field. As seen in Fig.
dipole interaction is averaged by magic angle spinningqg [where (340, 32, 186 is used for the shift tensor for
K3Csql, all the curves surprisingly show a single exponential

That is, the curve is reproduced by a sum of all magnetiza-
tions decaying at the-dependent’; at the given time. The

500 recovery in spite of they dependence in thigC|? given in
100 | A Vi Appendix B. Other combinations of the shift values also re-
_ sult in the single exponential behavior. Therefore, our model
g 300 of the uniaxial rotation motion around a fixed axis with oc-
& 200 casional perpendicular flips can reproduce properly the ex-
X 100 perimental observation that the recovery curves could be

nicely fitted to exp—t/T;) with a uniqueT, in the T range
where the uniaxial motion takes plat@he estimated values

0 0 10 20 30 20 50 60 70 80 50 from the recovery curves give0.73 sec for case 2 and case
8:(°) 3, and~0.5 sec for case 1, none of which meets perfectly the

measured contribution of the rotational motion

FIG. 14. Time averaged shiftr,) along the external field with  T;~1.25+0.25 seC. Since the shift tensor values are as-
7=0 as a function of the positiofiof the C atom on the sphere for sumed to be independent of the carbon site in this analysis,
the y values of the rotation axis indicated in the figure. this small discrepancy may suggest that the charge distribu-




54 MOLECULAR MOTION AND PHASE TRANSITION N. .. 6163
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FIG. 17. Fourier transform spectra of th€ FID signals(solid
FIG. 15. Recovery curve calculated with EG.8). The solid, line) measured at 30 K in ¥Cgo and calculated static spectrum
dotted, and broken lines are the calculated recovery curves corrédotted ling with (32, 340, 186 obtained from the best fit in Fig.
sponding to case 1, case 2, and case 3, respectively, as definedih-
Eg. (15).

619 three distinct carbon sites in the frozen state will also pro-
tion on the carbon sites is not uniformly spread, as has beefice an inhomogeneity of the charge distribution on the car-
claimed from x-ray diffraction analysfs:?> The T, might  bon sites. A synchrotron x-ray experiment performed on the
then be more sensitive to the on-site charge than the featursistine G, compound at 300 K claimed the existence of a
appearing in the static spectra. nonuniform distribution of charge density on theg,C

The observed nonsingle exponential recovery curve belourface’" The deduced charge distribution shows density de-
about 160 K(Ref. 9 can be naturally explained by the slow- ficiency of 16% in(1,1,1 directions and 10% excess about
ing down of the perpendicular motion, as the correlation time(1,1,0, even though the g molecule at that temperature
expected fromrS in Fig. 1 becomes comparableTg around ~Makes a rapid reorientational motion. The same experiment
160 K. This situation can no longer average out the distribuon Li;CsGs has however shown that the excess density is
tion of T, associated with the: dependence. along the(1,1,1) axis towards the Li ion& The existence of
the alkali ions seems already enough to modify the electronic
charge distribution on the gg molecule. These multiple ef-

. . fect would produce even more than three nonequivalent car-
Figures 16 and 17 are the line shapes calculated for thgon sites at lowT.

7=0 and 1 symmetries in the frozen stdtotted ling. In
contrast to the ones in the presence of the uniaxial motion,
the calculated line shapes are regular three-dimensional pow-
der patterns in a uniformly distributed system. In principle, We demonstrated so far that the NMR results can be sat-
the symmetry and the values of the shift tensor should bésfactorily explained by the presence of the uniaxial motion.
determined from the frozen state spectrum at very To?y ~ On the contrary, the observed line shapes at low temperature
comparison with the calculated line shape. However, the linare not well understood. Although the discrepancy could be
shapes observed ingKg, and RRCq just above their super- attributed to the occurrence of the phase transition, its nature
conducting transition temperature cannot be explained frorand relationship to the appearance of the third line in the K
the shift tensor values deduced from the fits to the spectrand Rb spectra beloW* are not clear. Walstedit al. have
above the respectivE* with the uniaxial rotation motion.  performed NMR double resonartéen 8'Rb in RhCg, and
Here, we should remind that a phase transition occurs aissigned the third Rb line o sites slightly offset from the
200 K in K;Cqo and possibly around 380 K in BBg. Its  ideal position (T’). On the other hand, Apostotal?
occurrence as well as the freezing of the motion couldclaimed that this extra peak comes from fhiesites in the
modify the electronic state on thes&molecule and cause vicinity of an emptyT site. In this interpretation, th& ions
further modifications of the crystal field. The existence ofperform in high temperature an internal jump between va-
cancies existing at th& sites, while the motion is frozen
— gradually as temperature lowers. They claimed that when the
Rb.C_ 35K jumping rate becomes comparable to the NMR time scale,
then the third line is detected. The vacancy concentration is
estimated to be 1.3%. Since the existence of such a vacancy
breaks the local charge neutrality, the absence of a positive
charge at thel site should produce a large distortion of an
electric potential at the surrounding sites. This situation
would give rise to a large quadrupole interaction for the cat-

C. Spectra in the frozen state

V. DISCUSSION

2100 0 100 200 300 400 500 ion nuclear spins sitting at bothandO sites near the empty
ppm site (the quadrupole interaction couples the nuclear spins to
the electric field gradient Although the estimated concen-
FIG. 16. Fourier transformed spectra of thc FID signals tration is very small, since the Coulomb interaction is effec-
(solid line) measured at 35 K in RSso and calculated resufdot-  tive over long distance the line shape of the regilandO
ted ling. (290, 290,—70) is used for the calculated line shape. sites should be modified through the quadrupole interaction,
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which does not seem to be the ca8éet us point out that reasonably reproduced with activation energy 580 meV and
large quadrupolar effects have been seen in the polymel5% probability for theT’ site?®
phase of Rbg, which has an orthorombic symmetry but for ~ However, there is no experimental report so far suggest-
which the charge neutrality is ensured locéfhit is then ing the change of the lattice parameter igQg, around 200
somewhat difficult to accept this interpretation for the ap-K, while it has been well known in puregg: More refined
pearance off ' peak, although more refined analyses of thestructural and NMR data are required to understand how far
data are necessary to ensure this point and are presently ume can discuss the phase transition in connection with the
dertaken. Walstedst al. have ruled out this possibility by appearance of' peak along with taking the analogy found
claiming that the thermally activated internal jumps shouldin both systems.
also take place betweéhandO sites'*

Recently, Pintschoviuset al. have performed diffuse
x-ray and neutron scattering experiment on single crystal of
pristine G and found a pronounced orientational order with  We presented here some experimental result$6rand
a coherence length of about 40 A at 265 K, which is abovealkali NMR in the M 3Cq, compounds. We have performed
its disordered-ordered phase transition temperdfufghis  numerical calculations of th&C line shapes, assuming the
result clearly indicates that a precursor for the orientationatiniaxial rotational motion of the £ with occasional flips
ordering already sets in above its phase transition tempergerpendicular to the fixed rotation axis. The agreements be-
ture. Although it is not yet clarified whether the perpendicu-tween the calculated and observed line shapes strongly sup-
lar motion exists in pristine &, the situation of the high port the presence of this characteristic molecular motion on
temperature phase looks very similar to that observed in ththe G, in M;Cgo and conclude that the rotation axis is well
high T phase in KCq,. From this point of view, we may established in the lattice. The existence of such preferential
argue that the phase transition in@y might as well corre- axis for the uniaxial motion implies that the crystal field at
spond to an ordering of the rotation axis. As mentioned inthe G site is distorted and has a lower symmetry than cubic.
Sec. Il A 2, the broadening of th&K lines aboveT* can be We have stressed that the uniaxial motion persists through
assigned to the slowing down of the perpendicular motionthe phase transition.
The discontinuous change of the broadening rate acrdss On the other hand, the line shape at I@wcould not be
suggests some connection between the phase transition areproduced using the shift tensor deduced ab®¥e The
the freezing of this motion. Although we claimed from the appearance of th&' line in the alkali NMR spectra below
analysis of the'®C spectra that the rotation axes are well T*, which suggests the occurrence of some modification in
fixed in the lattice within a time scale of I#sec, it is not the crystal structure accompanied with the freezing of the
clear whether they are randomly distributed with respect tanolecular motions. The existence of at least three kinds of
the lattice. The phase transition might correspond to an inearbons in the frozen state seem to modify significantly the
crease of the correlation length of the orientation of the ro-electronic state on theggballs.
tation axes. This increased orientational order could create a
distinction between cation sites. Rec;ently, Zlmree:a_d. dis- APPENDIX A
cussed the appearance of fhiepeak in terms of a disorder-
ing associated with the thermally activated occupation of the The Cy ., ;(Q) and ¢ (m,j), where the orientation of the
different G, orientation rather than the chemical exchangesystem can be described in polar coordinates, are given as
The evolution of the observed Rb spectra appeared to b®llows:

VI. SUMMARY

Creog=3 (3C0$6—1),  ard0,0=1, cRezfg(cos’-@—sin%o)sirFa, ard2,00=1,

3 3
Creo.= \/;sinZB, ard0,1)= 16, CRez,lz\/T_(sinch—cos’-qa)sinze, ard2,1)=12,

Creo,2= \/gsinze, ard 0,2) =246, cRe2,2=%(CO§¢—sin2¢)(cos?e+ 1), ard2,2)=2415,
Cimo,0=0, am(0,0)=0, Cim2,0=0, am(2,00=0,
Cimo,1=0, @ ;(0,1)=0, Cimz21= \ESiHZQD sing, am(2,1)= J10,
Cimo,2=0, aim(0,2)=0, Cim2.2="— \/gsiHZ(p co, am(2,2)=25. (A1)

If the motion is random and isotropi€,;=Eg;, =E=1/67. and all products of théC|? in Eq. (13) are equal to 1/5. After
applying commutation rules to the spin operators and paying attention to the fatt+@at 0, H,) in the laboratory frame,
we find back the ordinary expressibh,
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T;1=E(75HZ)2 1+ ) 2T (A2)
40 3/ 1+ (woTe)
APPENDIX B
Case 1:
|Cre0d’=75e5(25—22 cody+9cody),  ard0,2= 3%:725,
|Cre 01°= 755(4+9 cogy—9 cosy), ard0,1) = i{f,
|Cre24°= 7255(89+ 42 cody+9 cody), ard2,2)= 4533?( 6,
|Cre 24%= 555(20+ 29 cody—29 cody), aRe(2,1)=%§),
|Cimod?=25(3+sify), am(0,2)= %3
|Cimo.1%= %(3+cosy), am(0,)= ZL;—S
|Cim24?=&(4+3 cosy), am(2,2)= 5;/3&,
|Cim2,1>=&(4+3sirfy), a.m(2,1)=51—J§3- (B1)
Case 2:
|Creo,4°= 5555(143— 6 cogy+27 cody), ard0,2 )_15‘/2_37
|Creo,1°= 1255(28+27 cody—27 cody), aRe(O,l):%\/i—ss,
|Cre2.42= 17575(539— 354 cody+ 171 cody), aRe(2,2)=—*1776?M3,
|Cre2.1°= 7555(92+ 171 cody—171 cody), aRe(z,l):—'(‘:’();m),
|Cimo,21*=375(28+ 13 cosy), aum(0,2)=3T,
|Cimo,1|°= 325(28+13 sirfy), 01|m(0,1):3§,
|Cimz2,2l*=555(89+ 3 sirfy), aum(2,2)=\/?,
|Cim2,1/°= 555(89+3 cosy), a|m(2a1):@- (B2)

Case 3:
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15y237
|Creo,4°= 5555(143—6 cogy+27 cody), ard0,2) =57
3y1255

|Creo 12=1252(28+27 coy—27 cody), rd0,1) =7
17045x6

|Cre2.4°= 17625(539—354 cody+ 171 cody), ard2,2)= T

J4535X 6
|Cre2,12=7555(92+ 171 cody—171 cody), ard2, 1) =5,

3v345
|C|m0,2|2:%(28+13C0§’}/)! a,m(0,2)= 16 '

3345

32

. 665X 6
|Cim2,2°=ss5(41+51sirfy), alm(z’z):T’

665X 6
|Cim2.11%555(41+ 51 cody), alm(2,1)=T- (B3)

|Cimo,11°=355(28+ 13 sirfy), am(0,1)
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