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Temperature dependence of electron spin resonance,iBgi\aas studied in a temperature range from 2 to
350 K. It was shown that N&g, was metallic above 50 K and had a metal-insulator transition at 50 K. The
center frequency for the HB) Raman mode in N&g, at 298 K was close to those in the metallic R,

K3Cgo and CgCqq, While the linewidth was close to that in the metallic but nonsuperconductig@ggsThe

Hg(2) mode showed a large blueshift and narrowing at 50 K. The center frequency and the linewidth in the
low-temperature region from 50 K were almost the same as those in the insulgfrrn@RRCqo, Which
showed the metal-insulator transition at 50 K in,Ng. The origin of this metal-insulator transition was
discussed in terms of the electron-phonon interactiahn-Teller effegtand the electron-electron interaction
(Mott-Hubbard picturg [S0163-182@9)04123-5

INTRODUCTION Na,Cso (1.7X10 “emumoll) was smaller than that of
RbGs (8X 10”4 emu molY) ® suggesting a large bandwidth
The structure and physical properties of Na-dopegd C of Na,Cq,. Further, the high-temperature phase of,Glg

(Na,Cqg) are of very interest because they are different fromwas metallic contrary t&\,Cg, although the phase took the
those of the other alkali-dopeds&(ACeo A:K, Rb, and  same structurébct, | 4/mmm asA,Cq,.” The difference was
Cs).}7 The superconducting phase has not yet been founthtionalized on the basis of the Mott-Hubbard pict(t2.
for Na,Cgo; NagCgo, Which exhibits an face-centered cubic  In the present paper, we report the metallic behavior of
(fco) structure Em3m) is not a superconductdrcontrary to ~ N&Ceo and a metal-insulataiM-1) transition at 50 K on the

Rb:Csp and KsCeo Na,Cgpo With X>6 can exist because of a Pasis of temperature-dependent ESR and Raman scattering.
small ionic radius of N4 ion; Yildiim et al. prepared To our knowledge, this is the first experimental evidence for

the M-I transition in NaCgo. Further, the electron-phonon
coupling in NaCg, evaluated from Raman scattering is dis-
cussed in order to approach the origin of the M-I transition.

Nag -Cgo With an fcc structure Fm3).2 Recently, Oszlanyi
et al. succeeded in preparing and characterizing@ygwith
two-dimensional polymer structurel 3/m); the Gy mol-
ecules were connected with “single” bondghe structure
is different from that ofA,Cg,, Which takes a body-centered EXPERIMENT
tetragonal (bct) (14/mmn) (Ref. 8)9 or a body-centered
gggggzogpmgbc?hsetgg{;;%??fnz\;volgt:glzltpl)%gstgsﬂ\]/ﬁtsr? anmetrlc amounts of g, and Na metal for 856 h at 723 K
60— under 103 Torr; a trace of benzene was removed before

fcc strulcztlure Em3m) is confirmed, which are N&g and  gnpealing. The nominal value of Na was 2.6. The sample
NagCeo ~ The structure of NeCe is different from a body-  \yas introduced into a quartz capillary tube for Raman and
centered cubidbcg structure (m3) for AgCqo.™® Further-  x-ray diffraction measurements, and an ESR tube for ESR
more, we recently reported the existence of ja®ith an  and electron spin echo(ESE measurements. The
fcc structure’ temperature-dependent ESR and ESE spectra were recorded

Early studies on the physical properties of,Ng showed at an x-band ESR spectromet{@ruker ESP30Dand Pulse
that these are insulating;'* except for one that reported a Fourier-transform ESR spectromet@ruker ESP380E re-
metallic behavior for NgCqy from the photoemission spectively, equipped with an Oxford He flow Cryostat
spectra? Recently, Yildirimet al. reported the metallic be- (ESR910. The temperature-dependent Raman spectra were
havior for NgCgq in the temperature region from 100 to 300 measured by using an ISA Confocal LABRAM System
K on the basis of the spin susceptibilify,, determined equipped with an Oxford He flow Cryost@tlicrostat-He at
from electron spin resonand&SR.® The polymeric phase an excitation of 632.8 nm with He-Ne laser: the spectral
of Na,Cq also exhibited the metallic behavidihe Xspin Of  resolution was 5.0 cit. The x-ray diffraction pattern was

The NaCgy sample was prepared by annealing stoichio-

0163-1829/99/5@3)/150628)/$15.00 PRB 59 15062 ©1999 The American Physical Society



PRB 59 METAL-INSULATOR TRANSITION AT 50 K IN NayCgq 15 063

measured with synchrotron radiationf 1.1010 A at the 1.5
BL-6C in the Photon Factory of High-Energy Accelerator 1.0 } a)
Research OrganizatioiKEK-PF). The differential scanning 05 fé 205 K
calorimetry (DSC) curve was recorded at the heating and —~
cooling rates of 10 K min* with a Perkin-Elmer DE7 calo- 2 00 i
rimeter. = .05 t
§ 10 | %
RESULTS g 7
X400} b)
The Ag2) Raman peak for the sample at 298 K showed z i
the center frequencw, of 1461 cm . Comparison of the £ 200 i 2K
wq With that reported for Ng&Cg, (Ref. 14 showed that this =~ 0.0 1
sample was N#g,. The x-ray diffraction pattern at 298 K :
showed the same pattern as that for ,Glg reported -20.0 ¢ #
previously? The pattern was assigned to a simple cubic -40.0 A S
structure Pa3) and the lattice constarst was 14.191) A, 3340 3360 3380 3400 3420
consistent with that reported previously, 14.184 Ahe a H(G)
for Na,Cq, Was close to that for & (14.17 A® The 15 .
Rietveld analysis showed that the x-ray diffraction pattern ¢)

could be reproduced with the atomic coordinates for the pris-

tine Ggpat 5 K(Ref. 16 andx=0.236(6) for the Na atom on

8c site (x,x,¥. The orientation of g, in Na,Cgy determined

in the present analysis was the same as that reported by

Yildirim et al* The x value was close to that for NasGs,

(x=0.241) 1" This fact showed that the intercalation of Cs , , , , , ,

atom into % site (3, 3, 3) little affected to the position of Na 3400 3420 3440 3460

atom on the 8 site. The DSC curve exhibited an endother- H(G)

mic peak at 325 K in a heating process. This peak can be

assigned to the phase transition from the low-temperature FIG. 1. ESR spectra of N&g, at (a) 295 and(b) 2 K. (c) ESE

simple cubic phase to the high-temperature fcc phase ispectrum of NsCqo at 20 K recorded in the field scan. The open

Na,Cqo, as was reported by Yildirinet al* and Khairullin,  circles and the solid lines refer to the experimental and the best-

Chang, and Hwan¥ No peaks except for this peak were fitted spectra, respectively.

observed in the DSC curve. These results showed that the

sample was a single phase of Jqg.. nent showed a Pauli-like behavior between 50 and 300 K, as
Figures 18), 1(b), and Xc) show the ESR spectra for a conventional metal. Thgg, of the broad component de-

Na,Cqo at 295 and 2 K, and the ESE spectrum observed ircreased abruptly in the temperature region from 50 K. This

the field scan at 20 K, respectively. The spectrum at 295 Kchange suggests the M-I transition at 50 K. The small de-

could be reproduced by using two Lorentzian functions withcrease in theygp,i, Of the narrow component between 20 and

the peak-to-peak line widthAH,, of 11.5 and 2.1 G. The 50 K shown in Fig. ?a) seems to be apparently observed

spectrum was similar to that of Ngg& which was composed owing to an abrupt decrease in the broad component. The

of two components witiAH,, of 12.6 and 2.0 G at 263 R.  xspin €valuated from the broad component was 1.3

These parameters were determined by a least-squares fitting10~ 4 emumol* at 295 K, which was smaller than those

with two Lorentzian functions. The ESR spectra were meafor RbB;Csp  (12.7X 10 %“emumol?),’® KsCs (9.3

sured in a cooling process from 295 to 2 K, and in a heating<10 *emumol’) (Ref. 19 and CsgCq (6.0

process from 295 to 350 K. The ESE spectrum shown in Figx 10 * emumorl?).?%% The g, of 1.3x10™*emu mol*

1(c) exhibited clearly the existence of two components withwas consistent with that for N&gy at 290 K reported by

half linewidths AH,(=v3AH,,) of 11.6 and 4.9 G; the Iwasa(ca. 1.5<10 *emumol?).? Further, theysn, Was

AH,, of 6.7 and 2.9 G were consistent with those evaluatedtlose to that for the polymeric N@s at 300 K (1.7

from ESR[Fig. 3@]. This result shows that the ESR spec- X 10 % emumol ) and was a little smaller than that for the

trum should be analyzed by two components. The spectrummonomeric NgCq (ca. 4.0< 10 % emumol).®” The den-

for Na,Cgp at 2 K was also composed of two Lorentzian sity of stateN(eg), on the Fermi level in N#&Cgq was evalu-

functions withAH,, of 5.1 and 1.6 G. ated to be 2 state/eV-spingg which was smaller than those
As seen from Fig. @), the temperature dependence of thefor RbyCy, (19 state/eV-spin-§),'° KsCq (14 state/eV-spin-

XspinfOr the narrow component could be reproduced by CurieCqo),'® and CsCy (9 state/eV-spin-gy).* The smallN(e)

plus Pauli contributions; the Curie constant gpg;, of the  suggests that the bandwidiV in the conduction band is

Pauli-type contribution were 1.6010 *emuKmol'! and larger for NgCg, than those for RiCso, K3Cso, and CsCeo.

0.424x10 *emumol?, respectively. The Curie contribu- The largeW can reasonably be explained by the snaaih

tion was attributed to the paramagnetic defects in the crysNa,Ce.

tals, as done for Nag.®> However, the origin of the small The sum of theygp, of two components shown in Fig.

Pauli contribution found from the narrow ESR component2(c) exhibited an abrupt increase with a decrease in tempera-

was not clarified. As seen from Fig(l8, the broad compo- ture at low temperatures because of the Curie-type contribu-
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crease below 10 K, which was assigned to the antiferromag-
netc staté> As seen from Fig. @), such a drastic decrease
was not observed, though a small decreasggj, was ob-
served from 20 to 50 K. Thgyp, above 300 K showed an
abrupt increase, which was consistent with the result re-
ported by Petiet al?® They pointed out that the increase was

0.0 so e smamal caused by a singlet-triplet equilibrium of the spin states of
30 CZ, dianion in NaCqp.2® As seen from Figs. (@) and(b), the
b) g Xspin Of the broad component increased abruptly above 300
20l «go K, while the narrow component did not show such an in-
o0 crease. The fact suggests that the narrow component does not
Lol foves Y $° originate from the spin state of D&g.
) @cpm As seen from Fig. @), the AH, for the narrow compo-
R)GDO nent was almost constant below 300 K, while the component
0.0 — — ' broadened slightly above 300 K. TheH,, for the broad
12.0 ¢ o component was almost constant above 50 K, and decreased

abruptly in the low-temperature region from 50 K. The re-
sults are very similar to those for Ng& except for the dif-
ference in the transition temperature: 280 K for Na€The
g factors for the narrow and broad components are shown in
Fig. 3(b). Theg factor for the narrow component was almost
constant, while that for the broad component decreased be-
low 50 K, suggesting the transition at 50 K. It was supported
from the temperature dependence of thel,, and theg
factor that the narrow component could primarily be attrib-
the narrow ESR componerth) the broad component, ar(d) the ~ uted to the paramagnetic defects. Thel,, for the broad
sum of the broad and narrow components. The solid linggin component did not show a linear decrease with a decrease in
shows the Curie contribution in the narrow component. The inset ifemperature, as is expected for the conventional metal
(a) shows theys, for the narrow components except for that at 2 Rb;Cqp, Which was metallic in the normal state above the
K. superconducting transition temperature, showed an increase
in AHp, with decreasing temperatut® The peculiar tem-
tion. A small decrease found between 20 and 50 K originateperature dependence &fH,, was controversial because it
from an abrupt decrease in thyg,, of the broad component. was different from that in the conventional metal. Further-
Though the totayspin for Na,Cgq reported by Iwasa showed more, the quadratic temperature dependence of the electric
the Curie-like behaviof? the total xsp, determined in the  resistivity, which is closely associated with that 8H ,,,
present study suggested the existence of some componentas also controversially discuss&d?’ Some proposals
other than the Curie-type component. The tota);, for  were presented based on the electron-electron scattering and
Na,Cqq reported by Petiet al. showed the Curie-Weiss be- the lattice contraction to explain this peculiar temperature
havior (the Weiss temperaturé=12 K), and a drastic de- dependenc& -2’ However, Petitet al. found a decrease in
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FIG. 4. Raman spectra fqa) the Hg1), (b) Hg(2), (c) Hg(3), and (d) Hg(4) modes. The crosses and the solid lines refer to the
experimental and the best-fitted Raman spectra, respectively. The fitting was carried out based on a single component.

the AHpp/ (Ag)® when decreasing temperatur&g=g  crystal of KsCq, by the five-components fitting, because
—2.0023%% The results could well be explained by the their spectrometer with high-spectral resoluti® cm b
Elliott-Yafet relation for the conventional met&® imply-  showed splitting for these peaks. The fitting with the two
ing that RRCq, was a metal above the superconducting trancomponents was carried out for the (g peak in NaCgy
sition. since a small additional component was observed. Figures
Figure 3c) shows the temperature dependence of thes(a) and §b) show the Hgl) peaks at 298 and 2 K, respec-
AHpp/(Ag)? in Nay,Cep evaluated from théH,, [Fig. 3@] tively, together with the two-components fitting-curves. This
and theg factor [Fig. 3b)] for the broad component. The two-components fitting led to an improvement in the param-
temperature dependence showed a slight decrease in theer fitting. Thewy, I', andq by the fitting are also listed in
Apr/(Ag)2 with a decrease in temperature above 50 K,Table I. The weighted average values of tag, I', andq
suggesting the metallic character of g, The result im-  determined by the two-components fitting were consistent
plies that the dominant process for the spin-lattice relaxationvith those by a single-component fitting. The splitting in the
in the broad ESR component is caused by the modulation afig(2) peak was not clearly observed because of the spectral
the spin-orbit interaction due to the lattice vibrations. How-resolution of our Raman equipment and the polycrystalline
ever, the decrease was observed less clearly than that gample. Thus, only a single-component fitting was employed
Rb;Cqo. Consequently, it should also be pointed out that thein the analysis for the H@) peak. Thew,, I', andq deter-
other effects such as the electron-electron interaction maghined by a single-component fitting should correspond to
contribute to the temperature dependence ofAhk,,. The  the weighted average values for those determined by multi-
Apr/(Ag)2 also decreased abruptly in the low-temperaturecomponents fitting.
region from 50 K, suggesting the transition of the magnetic TheT for the Hg2) mode at 298 K was extremely larger
states. We have concluded from the Pauli-likgi, and the  than those for the other modes. Théor the other modes in
decrease in therp/(Ag)2 that NgCq is metallic above Na,Cy, were comparable to those in gL at room
50 K, and that the M-I transition occurs at 50 K. The broad
component in NsCs, was assigned to the conduction- TABLE I The values ofw, (cm™), T’ (cm™Y), g, andAT/wg
electron ESRc-ESR. (10°° c_m) for Ram_an-actlve modes e_lt _298 K in Jdg,. Parameters
Figure 3d) shows the temperature dependence of théletermined by a single-component fitting.
resonance frequenayin the ESR measurements. Thén- A
creased monotonically with decreasing temperature above gyjode NaCeo Ceo

K. Below 50 K the values decreased drastically. This drastic wo T q AT/ 0l wo r

change reflects the change in the electric conductivity;ithe

for materials which has no transition increases monotonically19(1) 269 3 =7 270 4.2

with a decrease in temperature. Therefore, the temperature 269 2 17 b

dependence of ther also supports the M-I transition in 263 4 -13

Na,Cgqo around 50 K. Hg(2) 406 24 —15 11 4305 55
Figures 4a), 4(b), 4(c), and 4d) show the Raman spectra Ag(1) 492 3 -35 0.06 493 25

for the Hg1), Hg(2), Hy(3), and H@4) observed at 298 K. Hg(3) 702 8 —16 0.06 708 7.5

The center frequency,, the widthT’, and the asymmetric g4 770 3 -7 773 9.0

parametelq were determined by a least-squares fitting withag(2) 1461 4 374 0.10 1469 15

Breit-Wigner-Fano formula; the fitting was carried out with a
single component. These parameters are collected in Table®arameters at 300 K taken from Ref. @B8 and 514.5 nm exci-
together with those for the Af) and Ad2). Winter and tation).

Kuzmany analyzed the H#) and Hd2) peaks for a single PParameters determined by two-components fitting.
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FIG. 5. Raman spectra for the Hg mode at(a) 298 and(b) 2 § A .
K. Th(_e crosses and the solid lines refer to the _e>_<perimenta| gnd the = 0 750 780 810
best-fitted Raman spectra, respectively. The fitting was carried out @ (cm1)
based on two components. Two components are drawn with the
solid line in the inset with the experimental spectrum. FIG. 6. Raman spectra fai) the Hg1), (b) Hg(2), and (c)

Hg(4) modes. The crosses and the solid lines refer to the experi-
mental and the best-fitted Raman spectra, respectively. The fitting

temperaturé’-** Consequently, it was suggested that the in-,1< carried out based on a single component.

teraction between the electron and intramoleculaf@yigho-
non was very strong. The electron phonon coupling constanfgdes a2 K are listed in Table II. Figures(@, 7(b), and
A for the HJ2) mode was evaluated to be 0.7 from the 7(c) show the temperature dependence of dhe T, andq
AT'/wj of 11.0<10"°cm and theN(eg) of 2 state/eV-spin-  for the Hg2) mode in NaCe. The w, showed a drastic
Ceo according to \=CATl;/[wiN(er)] and AL  plueshift at 50 K; theo, was approximately 410 cit above
=T'{(NaCqp) —I'i(Co0); >3 the wy; is the w, for the ith 70 K, while thew, approximately 430 ciit at 50 K and the
Raman mode an@=d;/w, d; being the degeneracy of the temperatures lower than 50 K. Thg above 70 K is close to
ith mode(d; =5 for Hg mode andi;=1 for Ag mode. The  those observed at room temperatures fog@®p (395 cm *
I'i(Na,Cq) andl'j(Cgg) are the linewidth” for theith mode  at 300 K32 408 cmi! at 300 K),3 K4Cqq (416 cm ! at 300
in Na,Cqo and Ggo, respectively. The total (=%\;) was 0.7,  K),32 and CgCq, (406 cm ! at 290 K),?* which show the
which was comparable to that in BB, at room temperature metallic behavior; the excitation wavelengths were 488 and
(A=0.5).3 The total\ in Na,Cq is primarily contributed 514.5 nm for Refs. 32 and 37, and 632.8 nm for Ref. 21. The
from the Hd2) mode. w, for the Hg2) mode observed by 1064 nm excitation were
The 14 implies the strength of the coupling between the435 cm! for RbyCqy and 430 cm? for K5Cqo (Ref. 35,
continuum and the discrete modes. If the continuum is aswhich were largely different from those by 488 or 514.5 nm
signed to the electronic origin rather than vibrational, thg 1/ excitation®® The difference seems to originate from the large
can become a measure of the coupling strength of each mod#ifference in the excitation wavelength. Consequently, the
with the electrons which participate in the electronic o, for Na,Cqg, Obtained by 632.8 nm excitation cannot di-
transition®2° The origin of the continuum around K@) in
Rb;Csy was assigned to the interbandt,,—t7, TABLE II. The values ofw, (cm™%), T (cm™), and q for
transitions’>3> The three degeneratg, orbitals in G, form  Raman-active modes 8 K in Na,Og. Parameters were determined
the conduction band, and the transition energy of the interby a single-component fitting.
bandt,,—t}, was expected to be as small as 0.1 eV from the

band-structure calculatidii,so that the interband transition Mode N3Ceo

can be excited by the HB) Raman scattering process. w0 T q

Therefore, the 1 for the Hg2) mode is a measure of the

coupling to thet,, conduction electrons. Thed.bf —0.07  Hg(1) 268 3 -1

for the HJ2) mode at 298 K suggests the intense coupling. 269 2 —42)

Further, the negative value ofdlimplies that thew, for the 265 4 -15

electronic continuum lies below the, for the Hg2) mode.  Hg(2) 428 8 -3
Figures &a), 6(b), and &c) show the the Raman spectra aAg(1) 492 2 —1969

for the Hg1), Hg(2), and Hd4) observed at 2 K. The clear Hg(3)

blueshift ofwy and the narrowing if” for the HY2) peak at g4 769 4 —228

2 K can be found in comparison with those at 298 K. On thepg(2) 1460 3 374

other hand, the clear changes were not observed for the
Hg(1) and Hd4) peaks. Thavg, I', andq for the Hg and Ag  ®Parameters determined by two-components fitting.
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possibility of one or two-dimensional polymer was consid-
ered for NaCg,. If Na,Cgq took the polymer structure, a
descent in symmetry of theggmolecule froml, to a low
symmetry such a®,;, should lead to the large splitting of
each Raman-active mode. The large splittings were actually
observed for all Hg modes and &) mode when Rbgg
transformed from the monomeric phase to the polymeric
one®39Furthermore, we also observed the large splitting for
the Hg1), Hg(2), Hg(3), Hg(4), and Ad1) peaks in the poly-
crystalline sample of polymeric Rigat 298 K. However,
such a large splitting was not observed for,8g in the
temperature region from 298 to 2 K, though the small split-
ting was observed for the Ht) peak; the H@l) peak in the
polymeric RbG, consisted of at least three components and

15 the splitting was larger than that in h&,.*° This fact sug-

c) gests that N#&Cy, does not take a one-dimensior{dD) or
| two-dimensional2D) polymeric structure in the temperature
region. Consequently, it is difficult to attribute the M-I tran-
sition to the Peierls instability.

The second possibility was the Mott-Hubbard picture. The
3 N-fold degenerate Hubbard model within the Gutzwiller ap-

0 50 100 150 200 250 300 proximation shows that the critical energyy., which sepa-

T(K) rates an insulator from a correlated metal, sensitively de-

pends on both the degeneracy and the electron-filling; the
value ofU, is maximum at half filling(U./W=2.62 for x
=1, 3.65 forx=2 and 4.00 fox=3 in A,Cg, with N=3).4
Consequently, it is difficult for a degenerate system to be-
come a Mott-Hubbard insulator near half filling, because the
large electron-electron Coulomb repulsithis required*
Thus, A,Cg is expected to show a metallic behaviorat
=3 and an insulating or metal-insulator transitionxat 2
and 4% If Na,Cq, has a slightly larget)/W than theU /W,
it should be metallic above the critical temperature and insu-
lating below the temperature. Such a scenario is presented
for the high-temperature monomeric phase of,Gg "3

FIG. 7. Temperature dependence(@fthe wg, (b) I', and(c) q
for the Hg2) mode.

rectly be compared with those in Ref. 35. Thg observed
in the temperature region from 56 2 K is consistent with
those observed at room temperature fgg [230.5 cm* at
300 K (Ref. 32] and RRCq,[428 cm ! at 298 K (Ref. 21)]
which show the insulating behavior. Theshowed a drastic
decrease at 50 K; thE was approximately 20 cnt above
50 K, while thel” was approximately 5 cit in the tempera-
ture region from 50 to 2 K. Th& at the higher temperatures

g;gplsa(: };9'3 %ng t;[%??ﬁ)ﬁ%%&ﬁ&?&%lﬁ&?ﬁiri?j Only the monomeric NgCgo amongA,Cgo With the bct struc-
’ a ) i ture was metallic because of the lafecaused by the short

RbsCeo were 75 and 74 et at 300 K, respectively; which  interfullerene distance of 9.80 A. This fact suggests that
were broader than that for the metallic but nonsuperconducta ¢, fullerides are the Mott-Hubbard insulatdrs® The W
ing Cs,Ceo.*! On the other hand, thE in the temperature for the NaCq is larger than that for the monomeric JG,
region fr?m 506 2 K is close to those for the |nlsulat|n%gl judging from thexpin- In spite of the largem, Na,Ceo Was
[5.5 cm " at 300 K(Ref. 32] and RRCqo [4 cm™ " at 298 K jnsylating in the low-temperature region from 50 K. This fact
(Ref. 21]. The temperature dependencelofndicates that syggests the Mott-Hubbard picture with a large for
the interaction between the electron and the intramoleculagg,C,,,
Hg(2) phonon in NaCe, in the temperature region from 50t0  Fyrthermore, the Jahn-Teller distortion was considered as
2 K is remarkably different from that above 50 K. We con- the origin of the M-I transition, because the conduction band
firmed from the temperature dependence of@geandl’ that iy Na,C4, is partially filled by an even number of electrons.
Na,Ceo has the M-I transition at 50 K. Thg was almost The Hg2) Raman peak for N&g, showed the strong
cpnstant within thg experimental error in all temperature réelectron-phonon coupling above the M-I transition tempera-
gion, and no drastic change was observed at 50 K. The reggre and the drastic change with the M-I transition. The
son why theq does not reflect the M-I transition at 50 K is strong electron-phonon coupling may be an indication of the
not clear at the present stagg. Recently, we observed almoginn-Teller distortion in N&q,. Taliani et al. pointed out
the sameg for the HY2) mode in the metallic GEgoand the  that the occurrence of the asymmetric Fano line shape in the
insulating RRCe, in spite of the absence of thg,—t7,  Hg(2) Raman mode was due to the splittingtgf conduc-
transition for the insulating RiEeo.** These facts reflect the tion band that originates from the Jahn-Teller distortion or
difficulty in the estimation ofy value for the H@2) peak. other interactiond® The small gap in the conduction band
caused by the Jahn-Teller distortion can lead to the metallic
behavior at high temperature and the insulating behavior at
low temperature.

We examined some scenarios to account for the electronic The temperature dependent x-ray diffraction did not give
state and the origin of the M-I transition in p&,. First, the the experimental evidence for the Jahn-Teller distortion of
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the Gy, molecule in NaCq,, and showed no clear structural correlation and the Jahn-Teller effect should be considered to
change at 50 K; the temperature dependence ofitiied the  understand the origin of the M-I transition in M&, The
Debye-Waller factor of Na atom from 2 to 280 K were well definitive evidence on the origin of the M-I transition will be
fitted by the Grueisen relation and the Debye approxima-given by the elucidation of the magnetic nature of the ground
tion, and the Rietveld analyses for the x-ray diffraction pat-state below 50 K. When applying pressure to the insulating
terns at 10 and 50 K could be performed with the same spadeh,Cy,, this transformed to the metal under 8 kbar because
group and the same orientation of®f I, symmetry as  of an increase in th&V and the screening of the.*? This
those at 298 K. Therefore, the M-I transition for Jqg,  fact implies that the M-I transition disappears by applying
seems to be a transition without the structural change. Howpressure, if NgCyqy is the Mott-Hubbard insulator a&,Cep,
ever, if the Jahn-Teller distortion is dynamical, it is difficult Furthermore' the |arge electron_phonon Coup“ng ”'ic%a

to detect the structural distortion even at low temperatureyhich is comparable to that in BBy, may lead to the su-

Though the rapid decrease in thg, in the low-temperature  perconducting transition at low temperature, when the M-I
region from 50 K supports the Mott-Hubbard transition, thetransition disappears under pressure.

decrease in thdH, in the temperature region is not con-
sistent with the Mott-Hubbard insulator, which should show
an increase ihH ,, because of the antiferromagnetic ground
state. The behavior of theg,, and theAH,, below the M-I
transition seems to suggest the nonmagnetic ground state. If The authors are grateful to Professor K. Tanigaki of
the M-I transition is attributed to the Jahn-Teller distortion, Osaka City University and Professor K. Oshima of Okayama
the ground state realized for the insulating,8g will be  University for helpful discussions. This study was financially
nonmagnetic. supported by the Venture Business Laboratory of Okayama
In the present paper, it has been shown that the electronidniversity.

ACKNOWLEDGMENTS

* Author to whom correspondence should be addressed. 18w, I. F. David, R. M. Ibberson, J. C. Matthewman, K. Prassides,
IM. J. Rosseinsky, D. W. Murphy, R. M. Fleming, R. Tycko, A. P. T.J. S. Dennis, J. P. Hare, H. W. Kroto, R. Taylor, and D. R. M.
Ramirez, T. Siegrist, G. Dabbagh, and S. E. Barrett, Nature Walton, Nature(London 353 147 (1991).

(Londor) 356, 416(1992. 17K. Prassides, C. Christides, I. M. Thomas, J. Mizuki, K. Tanigaki,
2T. Yildirim, O. Zhou, J. E. Fischer, N. Bykovetz, R. A. Strongin, I. Hirosawa, and T. W. Ebbesen, Scier&3 950(1994).
M. A. Cichy, A. B. Smith Ill, C. L. Lin, and R. Jelinek, Nature *8|. I. Khairullin, W.-T. Chang, and L.-P. Hwang, Solid State Com-
(London 360, 568(1992. mun. 97, 821(1996.
3G. Oszlanyi, G. Baumgartner, G. Faigel, and L. Forro, Phys. Revl°A. R. Ramirez, Supercond. ReY, 1 (1994).
Lett. 78, 4438(1997). 20y Yoshida, Y. Kubozono, S. Kashino, and Y. Murakami, Chem.

4T. Yildirim, J. E. Fischer, A. B. Harris, P. W. Stephens, D. Liu, L. Phys. Lett.291, 31 (1998.
Brard, R. M. Strongin, and A. B. Smith Ill, Phys. Rev. Létd, 2ly. Kubozono, S. Fuijiki, K. Hiraoka, T. Urakawa, Y. Takaba-
1383(1993. yashi, S. Kashino, Y. Iwasa, T. Kitagawa, and Y. Mitani, Chem.
SY. Takabayashi, Y. Kubozono, S. Kashino, Y. Iwasa, S. Taga, T. Phys. Lett.298 335(1998.
Mitani, H. Ishida, and K. Yamada, Chem. Phys. L&89 193 22y |wasa, Trans. Mater. Res. Soc. JidB, 1085(1994.

(1998. 23p_ petit, J. Robert, J.-J. Andre, T. Yildirim, and J. E. Fischer, in
8F. Rachdi, L. Hajji, M. Galtier, T. Yildirim, J. E. Fischer, C. Progress in Fullerene Researobdited by H. Kuzmany, J. Fink,
Goze, and M. Mehring, Phys. Rev. 3, 7831(1997). M. Mehring, and S. Roti{World Scientific, London, 199 p.
’G. Oszlanyi, G. Baumgartner, G. Faigel, L. Granasy, and L. 478.
Forro, Phys. Rev. B8, 5(1998. 24p, Janossy, O. Chauvet, S. Pekker, J. R. Cooper, and L. Forro,
80. zhou and D. E. Cox, J. Phys. Chem. Sol&8 1373(1992. Phys. Rev. Lett71, 1091(1993.
°p. Dahlke, P. F. Henry, and M. J. Rosseinsky, J. Mater. Clgem. 2°T. T. M. Palstra, A. F. Hebard, R. C. Haddon, and P. B. Little-
1571(1998. wood, Phys. Rev. B0, 3462(1994).

10C. Gu, F. Stepniak, D. M. Poirier, M. B. Jost, P. J. Benning, Y. ?®W. A. Vareka and A. Zettl, Phys. Rev. Left2, 4121(1994.
Chen, T. R. Ohno, J. L. Martins, J. H. Weaver, J. Fure, and R. E?’K. Tanigaki, M. Kosaka, T. Manako, Y. Kubo, I. Hirosawa, K.

Smalley, Phys. Rev. B5, 6348(1992. Uchida, and K. Prassides, Chem. Phys. L240, 627 (1995.

11E. Stepniak, P. J. Benning, D. M. Poirier, and J. H. Weaver, Phys?®P. Petit, J. Robert, T. Yildirim, and J. E. Fischer, Phys. ReG4B
Rev. B48, 1899(1993. 3764(1996.

12G, K. Wertheim, D. N. E. Buchanan, and J. E. Rowe, Chem.?°R. J. Elliott, Phys. Rev96, 266 (1954.
Phys. Lett.202, 320(1993. 30y, vafet, Solid State Physl4, 1 (1963.

By, Knupfer and J. Fink, Phys. Rev. Let9, 2714(1997. 313, Winter and H. Kuzmany, Phys. Rev.33, 655(1996.

141, Barbedette, S. Lefrant, T. Yildirim, and J. E. FischerPhys-  32P. Zhou, K.-A. Wang, P. C. Eklund, G. Dresselhaus, and M. S.
ics and Chemistry of Fullerenes and Derivativeslited by H. Dresselhaus, Phys. Rev.48, 8412(1993.
Kuzmany, J. Fink, M. Mehring, and S. RotVorld Scientific,  33C. M. Varma, J. Zaanen, and K. Raghavachari, Sci&fze 989
London, 1995, p. 460. (1991.

15p_ A. Heiney, J. E. Fischer, A. R. McGhie, W. J. Romanow, A. 3*M. Schluter, M. Lannoo, M. Needels, G. A. Baraff, and D. To-
M. Denenstein, J. P. McCauley, Jr., and A. B. Smith Ill, Phys. manek, Phys. Rev. Let68, 526 (1992.
Rev. Lett.66, 2911(1991). 35C. Taliani, V. N. Denisov, A. A. Zakhidov, G. Stanghellini, G.



PRB 59 METAL-INSULATOR TRANSITION AT 50 K IN NayCgq 15 069

Ruani, and R. Zamboni, iElectronic Properties of Fullerenes 39\M. C. Martin, D. Koller, A. Rosenberg, C. Kendziora, and L.
edited by H. Kuzmany, J. Fink, M. Mehring, and S. Roth  Mihaly, in Physics and Chemistry of Fullerenes and Derivatives

(Springer-Verlag, Berlin, 1993p. 259. (Ref. 19, p. 346.
%Y.-N. Xu, M.-Z. Huang, and W. Y. Ching, Phys. Rev. 8, 40y Kubozono(unpublishej
" 13 171(199D. _ 413, P. Liu, Phys. Rev. B9, 5687(1994).
M. G. Mitch, S. J. Chase, and J. S. Lannin, Phys. Rev. I6&t.  42R  Kerkoud, P. Auban-Senzier, D. Jerome, S. Brazovskii, |.
883 (1992. Luk'yanchuk, N. Kirova, F. Rachdi, and C. Goze, J. Phys.
38H. Kuzmany, T. Pichler, R. Winkler, and M. Haluska, Rinysics Chem. Solids57, 143 (1996.

and Chemistry of Fullerenes and Derivativiggef. 14, p. 340.



