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Raman scattering is studied for a pressure-induced supercondugfyf ®sa pressure region from 1 bar to
62 kbar. The center frequeney, for Hy(1) andHy(2) Raman peaks increase by applying pressure, but the
increase shows a saturation in the high-pressure region. On the other haag ftineédy(1) andA4(2) modes
increase monotonically in all pressure regions. The electron-phonon coupling constantGgs €®ws a
rapid decrease up to 30 kbar and an increase above 30 kbar. This result may be associated with a transforma-
tion from a multiphasébody-centered orthorhombic a#d.5 phasesto a single phase around 20 kbar. X-ray
powder diffraction pattern at 11 K under a pressure of 40 kbar shows that a superconducting phag@sfor Cs
is body-centered orthorhombic.

In 1995, Palstraet al. found that CgCqy was a pressure- man scattering at 1 bar does not lead to any meanirfgfin
induced superconductor that exhibited at 14.3 kbar the highthe BCS and McMillan theory, which is consistent with non-
est superconducting critical temperatuie.£40K) among  superconductivity at 1 bar. In the present paper, we studied
fullerene superconductotsAccording to their observation, the Raman scattering of g3, from 1 bar to 62 kbar with an
the T, appeared by applying pressure and increased with aimterest in the e-ph coupling under high pressure for a
increase in pressure. This increaseTinis contrary to the pressure-induced superconductor. Further, we studied the
model that a band broadening by applying pressure reducesystal structures of GEggat 101 and 11 K under a pressure
the density-of-state on the Fermi levél(eg), and T, as  of 40 kbar, which corresponds to the normal and the super-
expected from the BCS theory. One of the explanations foronducting states, respectively.
the increase is that the shielding currents are suppressed by aThe sample of G&¢ was prepared by using liquid NH
disorder such as fine grain and the two-phase nature of bodywt low temperature according to the method reported in Ref.
centered tetragonabct) and A15 at 1 bart Such a disorder 1. After removing NH by pumping under 10°Torr at
may reduceTl; by a fluctuation in the phase of the supercon-100 °C for 18 h and at 140 °C for 1 h, the sample was trans-
ducting order parameteW. If only one phase is realized ferred into a capillary(outer diameter¢p=0.7 mm) and a
under high pressure, applying pressure should lead to a deiamond anvil cell in a glove box for Raman and x-ray dif-
crease in the fluctuation o and improve the superconduct- fraction measurements. X-ray diffraction pattern at 298 K
ing phase. The second explanation is that applying pressuand 1 bar was measured with ICa radiation(wavelength:
can reduce the phase fluctuation®fand increase th&,  1.5418 A by an x-ray diffractometefRigaku Rint 1500.
because pressing the grains should improve the connectivitg-ray powder diffraction patterns were measured at 11 and
of the material. The third explanation is based on the asi01 K under a pressure of 40 kbar with synchrotron radiation
sumption that C&C4p is @ Mott-Hubbard insulator. The su- (wavelength: 0.6896 Aat BL-1B of the Photon Factory in
perconducting transition cannot be expected for an insulatinthe High Energy Accelerator Research Organization. The Ri-
Cs;Cqo because all known fullerene superconductors transetveld analyses for x-ray diffraction patterns were achieved
form to a superconducting state from a metallic state. Applyby using RIETAN 94 program® The Raman scattering was
ing pressure may change an insulating state to a metallimeasured at 298 K with He-Ne laser excitation of 632.8 nm
state, and further a superconducting state. using a Confocal Raman Imaging LabRam system. The cen-

We studied the structure and physical properties @Ogs  ter frequencywg the line widthI', and the asymmetric pa-
at 1 bar by x-ray powder diffraction and ESBlectron spin  rameterq for the Raman peak, were determined by a least-
resonancg and found that G&g, at 1 bar took two phases squares fitting with the Breit-Wigner-Far@WF) formula.
of body-centered orthorhombibco; Immm not beh as the  The Hy(2) peaks were analyzed by the three-components
major phase an&15 as the minor phase from 10 to 300 K. fitting, while theHy(1), Ay(1), andAy4(2) peaks were ana-

It was recently found that GE€4, also took a bco structure.  lyzed by the single-component fitting. The multiple splittings
No metal-insulator transition was observed forsGg by  of the Hy(2) mode have been observed in single crystals of
ESR from 1.9 to 300 K at 1 b&rsuggesting that it is not the K3Cgo and RhCqo.® The splittings suggest a lowering of
Mott—Hubbard insulator. The electron-phon¢eph cou-  symmetry from Ih for the gy molecule, which is reasonable
pling constani determined for CsCq from Raman scatter- for the CsCgy crystal of Immm The Hy(1) and Hy(2)

ing at 1 bar was~0.18, which was approximately one third modes showed a largedLias observed previousfywhich

of RbyCgo and KsCgo.* The \ for Cs,Cqo estimated from Ra-  reflects the BWF effect. Thay(1) andAy(2) peaks showed
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EXTN T TABLE 1. Values of wg (cm™Y) andI" (cm™%) for the Raman
s 3 z modes at 1 bar, 6 kbar, and 47 kbar.
g0s J £0s
Py ey % Zoo Mode P wo T wo T oy T (wp)? (I)?
2 iz T T = 250 30 a0 B0 S H.(1) 1bar 250 8
. Raman Shift (cm’) . Raman Shift (cm?) g
£10 b) £10 @ . 6 kbar 260 9
2 A _:05 E 47 kbar 277 11
Ehe - RN 3" : He(2) 1bar 343 17 372 22 405 22 383 21
goor T RCHE L i ? 6 kbar 348 13 387 16 416 17 390 16
E TS0 = 250 —35—at0—as0—éo 47 kbar 354 7 396 15 425 15 405 14
Raman Shift (cm) Raman Shif¢ (eni?) Aq(1) 1 bar 493 1
FIG. 1. Raman peaks for thdy(1) mode at(a) 6 and(b) 47 6 kbar 496 2
kbar, and those for thely(2) mode at(c) 6 and(d) 47 kbar. The 47 kbar 514 4
Hy(1) andHy(2) modes were analyzed by a single BWF and threeAg(Z) 1bar 1447 5
BWF components, respectively. The crosses and solid lines refer to 6 kbar 1450 5
the experimental and the best-fitted peaks, respectively. 47 kbar 1468 6

a small 14, i.e., a Lorentzian line shape. The coupling be-a ,, ) and(I') refer to the weighted average valuescaf and T,
tween the phonon and a low-energy continu(tm-t7, in- respectively.

terband transition caused by a lowering in symmetry of the
Ceo moleculg is the origin of the BWF effect in the H
modes’

TheAy(2) Raman peak was observedwgtof 1447 cm?t

increase in pressure. The rate of increasagnfor applied
pressure decreases gradually above 40 kbar. The pressure

. ) coefficientdwy/dp is estimated to be 0.41 chivkbar (=4.1
at 1 bar. Thew, value was consistent with those reportedcm,llGPa for the wg below 40 Kbar. This value is larger

previously>**Further, thew, for theHy(1) (259 cm %) and 1 3
Ag(1) (493 cm ) modes were consistent with those reportedf[han that for G, 1.1 cm */GPa. Thel for theH,(1) mode

. Al increases slightly with an increase in pressure.
previously! The w, for the Hy(4) peak was 756 ciif, : .
which was close to that in 4Cs.° The x-ray diffraction The wo of all peaks for theH,(2) mode increase rapidly

pattern at 1 bar was also consistent with that reporte(.lfvIth an increase in pressure up to 30 kbar, while e

previously?# and the Rietveld analysis showed the c)(:Cu_sat_urates above 30 kbar. Th_e pressure dgpendence of the
pancy of 0.75 for Cs atom. These results support that thigvelghted average Vall.Je abo IS s_hown in Fig. 30)'. The_ .
sample is CsCop pressure dependence is largely different from that in pristine

As a typical example of the Raman scattering in theCGo’ in which theHy(2) mode shows the largest blueshift

(dwg/dp=2.4cm Y/GPa) among all modes and a monoto-
present study, thely(1), Hy(2), Ag(1), andA4(2) Raman :
peaks observed at 6 and 47 kbar are shown in Figs. 1 and ?;)Ir:ﬁg%?% tz:elow ggcl(eb;ﬁsthgl} dcl)f \?vlilthp(:\ik;g(r)eratsh;in
along with the calculated Raman peaks, in order to show thergessure from 1 tff‘io 30 Kbar ar?d syhows a sliaht increase
quality of the Raman data and the validity of the analysesp ' 9

The Raman data and the analyses in all pressure regions Wez?,gove 30 kbar. The pressure dependence of the weighted

sufficient to estimate the pressure dependence of the e_pa],]verage value o is shown in Fig. &)). The weighted av-

coupling in CsCq, The values ofw, andT for the Raman erage value of" also decreases rapidly up to 30 kbar and

peaks at 1 bar, 6 kbar, and 47 kbar are collected in Table I.
Figures 3a) and 3b) show the pressure dependence of 2907
the o andT’ for the Hy(1) peak. Thew, increases with an
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FIG. 2. Raman peaks for th&,(1) mode at(a) 6 and(b) 47 P (kbar) P (kbar)

kbar, and those for théy(2) mode at(c) 6 and(d) 47 kbar. Both

modes were analyzed by a single BWF component, respectively. FIG. 3. Pressure dependence (& wo and (b) I' for Hy(1)

The crosses and solid lines refer to the experimental and the bestode, and of the weighted average valuega@fwg, and(d) I in

fitted peaks, respectively. three Raman components for thg(2) mode.
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FIG. 4. Pressure dependence(a¥ wo and(b) I for the Ay(1) o
mode, and ofc) w, and(d) T for the Ay(2) mode. 0010 20 30 20 50 60 70
P (kbar)

increases slightly above 30 kbar. Thealues for theH (1)

0.25
andHy(2) modes are almost constant in all pressure regions. ! (©)
As seen from Figs. @) and 4b), the w, andT for the 0.201 . o

Aq4(1) peak increases linearly with an increase in pressure. 015}
The dwq/dp is estimated to be 0.42 crivkbar (=4.2 < -
cm YGPa, which is extremely larger than that for 0.10-

Ceo (0.94cm Y/GPa)® The w, for the Aqy(2) peak also in-

0.05
creases linearly with an increase in presdiig. 4(c)]. The
dwolap of 0.40 cni Y/kbar (=4.0 cmi /GPa for the Ay(2) 0910 20 30 20 50 60 70
peak is consistent with that for ti#g,(1) mode, and is larger P (kbar)

than that for theA4(2) mode in Go (1.7 cm YGPa.2 Thel’
increases slightly with an increase in pressiia. 4(d)].
The g values for theAy(1) andA4(2) modes are substan-
tially constant in all pressure regions.

The mode-Gruneisen parametersy[ = —(1/«)(1/ Sy — 2
wo) (dwo/dp)] for the Ay(1) andAy(2) modes are deter- N=3N=XCATl /[wgN(er)],
mined from the pressure dependenceagf and the com- where\; is the\ for theith mode.C=d;/w, d; being the
pressibility « [=(1NV)(dV/dp)] to be 0.28 and 9.6 degeneracy of thith mode(d=5 for theHy mode,d=1 for
X102, respectively; thex is determined to be 3.1 A, mode. The AT is the difference between thE; in
%10 3 kbar * for Cs;Ceo.° The y for the Ay(2) mode is the CCgo and that in Gg; the I'; at 1 bar is employed for
same order as that forgg (6.4x 10 2).1° The smally for  Cg in all pressure regions. TheN(sg) (=9 state
theA4(1) andA4(2) modes suggest that the bond lengths foreV™'Cqy * spin ') (Ref. 4 determined at 1 bar is used as
the Ggo molecule in CgCq are little affected by the contrac- the N(eg) in all pressure regions. The for the Hy(1) and
tion of the crystal lattice under pressure. Hg(2) modes at 1 bar are estimated to be 0.08 and 0.15,

The contribution of theAy(1) andAy(2) modes to the.  respectively, and the total=0.23, which is substantially in
in Cs;Cqy is extremely small at 1 bar in comparison with the agreement with that reported previou$lfhe pressure de-
Hg(1) andHy(2) modes! These modes cannot be expectedpendence ok for theHy(1) andH4(2) modes are shown in
to contribute to thex even under high pressure. Therefore, Figs. 5a) and 3b); the weighted average values of thg
the Ay(1) and Ag(2) modes will be affected only by an andI' are used in estimating the from the Hy(2) mode.
increase in force constants of thgyGnolecule caused by The \ for the Hy(1) mode increases with an increase in
applying pressure. The intercalation of three Cs atoms intpressure, while that for thely(2) decreases rapidly from
the G lattice leads to a softening of the tangential intramo-0.15 to 0.05 up to 30 kbar and increases slightly above 30
lecular — Cg-Ag(2) mode by~20 cm ! because of a de- kbar. As shown in Fig. &), the total\ decreases rapidly up
crease in force constants of thg;@nolecule caused by the to 30 kbar and increases above 30 kbar. This result may be
transfer of three electrons to the antibonding LUMO orbital,associated with the phase transition from the multiptibse
i.e., charge-transfer elongation of C—C boAds!? Con-  and A15) to the single phasébco which is found by the
versely, as seen from Fig(e}, applying pressure of 50 kbar pressure-dependent x-ray diffraction stddyThis suggests
to CsCqp leads to a stiffening by 20 cht, whose variation is  that a disappearance of disorder in the@g crystal plays
comparable to that caused by three-electrons transfer to @an important role for a superconductivity.
LUMO orbital in Cgp, However, the totak estimated from thély(1) andHgy(2)

The N for Cs;Cq can be estimated according to the modes is smaller than th&t-0.65 expected from the Mc-

equation’13-1° Millan formula. We employed th&l(eg) at 1 bar in estimat-

FIG. 5. Pressure dependenceiofor (a) Hq(1) and(b) Hy(2)
modes, and ofc) total .. The\ for the Hy(2) mode was estimated
from the weighted average values @f andI".
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FIG. 6. X-ray diffraction patterns dg) 101 and(b) 11 K under
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Rwp=3.23% andR,=2.61% at 11 K. The lattice constants
a, b, andc at 11 K under a pressure of 40 kbar are deter-
mined to be 11.8), 11.329), and 11.4(9) A respectively;
the V is 152023) A3. The x-ray diffraction patterns suggest
no structural phase transition between 11 and 101 K at 40
kbar, where the superconducting transition should occur.
Therefore, it is concluded that the bco phase is the supercon-
ducting phase for G€g.

'H NMR spectrum of this sample was measured to iden-
tify a stoichiometry of NH by a NMR (nuclear magnetic
resonance spectrometer(Bruker DSX400. The 'H NMR
spectrum shows that the sample contains small amounts of
NH;; the stoichiometry is GE€go(NH3)o1 The V deter-
mined from the x-ray diffraction pattern at 1 bar and 295 K,
16544) A3, is in agreement with those reported previously
for Cs;,Cgo Within the standard deviation: 1662°An Ref. 1
and 165%) A® in Ref. 2. These results suggest that the
pressure-induced superconductinggGg reported in Ref. 1

gontains small amounts of NfH The existence of Nklin

perimental and the best-fitted patterns, respectively. Ticks mark thd€S€ Samples cannot be confirmed from the x-ray diffraction
positions of allowed Bragg reflections. The difference between thdalterns because of extremely small amounts ofNFhe
experimental and the best-fitted patterns is shown by the thin lineBC0 phase of G&g, may be stabilized by Nkloccupying the

in the bottom of each figure.

ing the\. However, theN(eg) value should decrease with an

-1
inter
the parameters; e and die;, refer to the in-

increase in pressure according to the relatidsg) ~t
~gn -1415
inter»

vacancies at #land 4 sites where Cs atoms occupy with the
occupancy of 0.75.

In conclusion, the totak estimated from theéd4(1) and
H4(2) modes also shows a rapid decrease up to 30 kbar and
an increase above 30 kbar. This result suggests that a disap-
pearance of the disorder in &, crystal leads to an appear-

teratomic hopping integral and the interatomic distance, reance of superconductivity. However, even under high pres-
spectively, and the is normally 2—3. The unit cell volume g re the totak does not increase to the val(@®65 expected

V at 30 and 60 kbar can be estimated from the pressu

dependence o¥ for Cs;Cey’ to be ~1540 and~1410 A
respectively. When 3 is adopted for thein estimating

"for Cs;Cqo by the McMillan formula. The smalk may show

the necessity of including othét, modes and intermolecu-
lar vibrations in estimating the e-ph coupling insCg,. The

N(eg), the value% oN(er) at 30 and 60 kbar are predicted y_qy giffraction patterns at 40 kbar show that the supercon-
to be 90 and 85% of that at 1 bar, respectively. When th‘ﬂucting phase of GEq, is bco as in the case of the normal

reduction ofN(eg) is taken into account, the at 60 kbar
should increase from 0.25 to 0.3. The increasa. iis still
smaller than that expected by the McMillan formula.

phase. Further, thtH NMR study suggests that the super-
conducting phase of G8¢, contains small amounts of NH
The origin of the pressure-induced superconductivity should

Figures 6a) and @b) show the x-ray powder-diffraction fther be studied.

patterns at 101 and 11 K, respectively, under a pressure of 40

kbar. Though the x-ray diffraction pattern measured at 1 bar The authors are grateful to Dr. Hiroshi Kitagawa of
and 295 K shows the existence of two phases of (8849  JAIST for his valuable suggestion in Raman measurements.
and A15 (5%), no Al5 phase is observed for both x-ray The x-ray diffraction study at 40 kbar was performed under a
diffraction patterns at 40 kbar shown in Figgagand Gb). Proposal of KEK-PR97G20). This study was supported by
These x-ray diffraction patterns can be indexed with a bca Grant-in-Aid(11165227 from the Ministry of Education,

phase (mmm): R,,=3.42% andR,=2.76% at 101 K,

Science, Sports and Culture, Japan.
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