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Rotational dynamics of C;p in (ND3)K 3Cqg
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The orientational dynamics of g in the ammoniated fulleride (Nf)K;Cq, are studied by the neutron
inelastic-scattering technique. Well-defined excitations are observed in the low-energy spectra with energies
varying between 3.1%) and 2.385) meV, as the temperature increases from 30 to 310 K. The dependence of
their intensities on the scattering vector is consistent with their assignment to small-amplitude librational
motion of the Gy°~ ions. The librations in (NBK3Cq, are both softer and broader than those in the parent
fulleride K3Cgq, reflecting the existence of a weaker and more anisotropic orientational potential upon ammo-
niation. The estimated barrier of the hindrance potenigh- 250 meV is approximately half the size of that
in K3Cgo and comparable to that found in the primitive cubic fullerideRtaC;,. The temperature dependence
of the energies and widths of the librational peaks in gNQCq, is also more reminiscent of the behavior of
Na,RbGCqq rather than KCqo. The result has been rationalized by involving crystal-packing arguments, related
to the increase in size of the tetrahedral interstices upon ammonigfioh63-182@09)13401-5

I. INTRODUCTION GPa leads to the recovery of superconductivity with
=28 K5 A structural phase transition has been identified

Ternary alkali fulleridesA;Cq (A=alkali meta) exhibit  below 150 K and attributed to the ordering of the orientation
superconductivity withT.'s as high as 33 K at ambient pres- of the K'-NH; pair residing in the interstitial sitdsMea-
sure(RbCsCq, fcc structurg.! The well-known relationship  surements of the electronic and magnetic properties by
in which the transition temperatui®, scales monotonically electron-spin resonand&SR and *C NMR have shown
with the cubic unit cell size, can be rationalized in terms of (ND3;)K;Cqo to be a narrow-band metal which exhibits a
an increasing density of states at the Fermi leMék),with  transition to an insulating ground state at 4§%zero-field-
increasing interfullerence separation, resulting from the deuSR measurements have characterized the low-temperature
crease in the overlap between the molecules that leads &1ate of (NH)K;Cs, as a long-range-ordered antiferro-
band narrowing.As a consequence, in order to obtain high-magnet®-'? thus providing unambiguous evidence that the
T fullerides, large interfullerene spacings are needed. Theuppression of superconductivity at large interfullerene spac-
lattice expansion which can be achieved by using alkali metings is of magnetic origin, in analogy with the well-
als alone in the interstitial sites of the cubic structure is lim-established results in highs and organic super-
ited by the maximum size of the metal cations used for in-conductors3
tercalation. Larger lattice constants can be achieved by using Low-energy neutron inelastic-scatteririylS) measure-
as structural “spacers” alkali ions solvated with neutral mol- ments have been successfully used to probe the rotational
ecules, such as ammonia; in such cases, the extent of chardgnamics of pristine g (Ref. 14 and G, (Ref. 15 as well
transfer is also maintained. For instance, upon ammoniatioas of G2~ and G2~ ions in a variety of fullerides®In
of Na,CsG, the lattice expands, while the cubic symmetry all cases, the excitations observed at low temperatures at
is maintained: the lattice constant increases439 A, and  nonzero energy transfer are due to fullerene molecules librat-
the T, increases significantly from 10.5 to 29.6°owever,  ing about their equilibrium orientations. It is of particular
this behavior is not general as the introduction of Niithe  interest to see how the introduction of ammonia in the lattice
interstitial sites of other alkali fullerides has been found toand the consequent solvation of the alkali ions modify the
lead to diverse responses in the structural and conductingtermolecular orientational potential of the;dC ions in
properties. Th&NH3),NaA,Cq, (0.5<x<1, A=K, Rb) se- fullerides. For this reason, we performed NIS measurements
ries displays reduced.’'s which, in addition, decrease with of the low-energy rotational excitations in (NK;Cgo be-
increasing lattice constafin K;Cq, the introduction of one  tween 30 and 310 K. The fully deuterated sample was chosen
ammonia molecule in the octahedral site of the fcc structuréor the present study in order to eliminate the strong contri-
to form (NH;)K5Cgo produces an anisotropic expansion of butions to the scattering arising from the hydrogen atoms of
the fulleride array, inducing a symmetry reduction to body-the NH; molecules. The momentum-transf@rdependence
centered tetragongbct) and the suppression of supercon- of the intensity of the low-energy excitations in (NB;Cgq
ductivity at ambient pressureapplication of a pressurel  leads to their assignment as librational modes whose ener-
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gies are substantially lower than those in the parent material
K3Ceo ¢ indicating a substantial change in the orientational
potential between the two fullerides. Softening and broaden-
ing of the librational peaks are observed on heating. Consid-
erable similarities with the behavior of PRbG;, (Ref. 17

are also encountered.

Il. EXPERIMENTAL DETAILS

(ND3)K5Cqo was prepared by following the procedure
employed earlier in the synthesis of (AWK ;Cqo.° The start-
ing K;Cgo Was synthesized by direct reaction of K vapor and
Cso powder, followed by annealing for 1 month at 400 °C.
The single-phase {Cqo powder thus obtained was then
loaded in a glass tub@8 mm in outer diametgrevacuated
to 102 Torr, and exposed to 0.5 atm NDas at room tem-
perature for 1 h. After the reaction, the glass tube was sealed
under a 0.5 atm partial pressure of Nand the sample was
annealed at 100 °C for 2—3 months. Phase purity was con-
firmed by powder x-ray-diffraction measurements performed
with a Siemens D5000 diffractometer at ambient tempera-
ture.

The neutron-scattering measurements were performed at
the National Institute of Standards and TechnoldlyyST)
Center for Neutron Research using the BT4 triple-axis spec-
trometer with fixed incident neutron ener@y of 28 meV.

The incident neutron beam was monochromated using the
Cu(220) reflection, and the scattered neutrons were analyzed
using the pyrolytic graphit€004) reflection. The measured
resolution at the elastic lie for 6@10'-40'-40" collimations

was 0.9093 meV full width at half maximuiFwWHM). For

the present experiment, 0.83 g of powder sample was loaded Energy (meV)

in an indium-wire-sealed aluminum cylindrical can and _ )

placed inside a closed-cycle helium refrigerator. In the analy- F!G- 1. Representative NIS spectra of @1@3(:60 in the tem-

sis of the inelastic-scattering measureméhtbackground  Perature range 30-310 K at const@:5.5 A ™%, The solid circles
runs were first subtracted, the intensities were corrected fdi'e €xPerimental points, and the solid lines are best fits, as dis-
changes in the scattered energy contribution to the spectrorﬁyssed in the text. The dashed lines show the individual Lorentzian

. . components at nonzero energy transfer. Note changes in the inten-
eter resolution, and then the spectra were symmetrized. Th P 9y 9

corrected data were subsequently fitted using the measuré%y scale in the various panels.
resolution function at zero energy transfér«{(=0) and two  scaled to the average value of the 2.86° and 4.29° calcula-
Lorentzians centered at nonzero energy transfer, convoluteibns atQ=3.5 A1, and the same factor was used to scale
with the instrumental resolution function. the data at 30 K. There is good agreement between the ex-
perimental data and the librational model calculations at both
temperature, confirming the assignment of the low-energy
IIl. RESULTS AND DISCUSSION inelastic-scattering peaks as arising from molecular libra-

Detailed NIS measurement for (NJXsCy were per- 1ONS: . . .
formed as a function 0f) and  at several temperatures. A comparison of the temperature evolution of the energies

Figure 1 shows representative spectra for temperatures bgte;tgree Iiirk:réti(zgzlf qzd%sa;géag?ﬁg?o fvgtgazoé%re?égfd
i -1 0 . ’ 0 . ’ 60 .
tween 30 and 310 K at a scattering veo@r5.5 A . The 16) is shown in Fig. 3. At low temperatures, the librational

solid circles are the corrected experimental data, and thg : ;
X : . ; . i nergy in (NR)K5Cs, [3.11(7) meV at 30 K is comparable
lines are the fits described in the previous section. Well:% those in G, [2.776) meV at 20 K and NaRbCy

Intensity

defined peaks are observed at nonzero energy transfer at .8317) meV at 50 K|, but considerably smaller than that in
temperatures and may be assigned to librational modes of t ' Ceo [4.043) meV at’ 12 K. Ammoniation of KCg, thus

Ceo’  ions from the dependence of their integrated intensityjeads to a considerable weakening of the orientational poten-
on the scattering vecto. This is apparent from Fig. 2 tja|. The librations in (NR)K3Cq, also soften as the tempera-
where the integrated intensity of the librational peaks isyyre increasefFig. 3), in agreement with the behavior of the
shown as a function oQ at 125 and 310 K, together with other systems studied; however, the softening is markedly
Monte Carlo calculations for uncorrelated isotropic molecu-higher in (NDy)K3Cqo (~23% between 30 and 310) KKom-

lar librations with root-mean-square amplitudgg=2.86°  pared to KCq, (~11% between 12 and 300)Kshowing a
(solid line), 4.29°(dotted ling, 5.72° (dash-dotted ling and  behavior much more similar to that observed fog, @nd
8.59° (dashed ling The measured values at 125 K were Na,RbGC. In addition, there is no measurable effect on the
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FIG. 2. Q dependence of the intensity of the librational peaks in  FIG. 4. Schematic diagram showing the dependence of the low-
(ND3)K3Cqp at 310 K(rhombi) and 125 K(circles. The lines rep-  temperature librational energy omx(/r,), wherer, is the size of
resent the intensity variation calculated for uncorrelated isotropiche tetrahedral hole and, is the radius of the ion residing in it.
librations with root-mean-square amplitude of 2.88bdlid line), Results for Gy (Ref. 14, Na,RbGy, (Ref. 17, Na,CsG, (Ref. 18,
4.29°(dotted ling, 5.72°(dash-dotted ling and 8.591dashed ling K3Cgo (Ref. 16, Rb, Ko 4Cqo (Ref. 19, and RRCq, (Ref. 20 are
The measured values at 125 K are normalized to the average valdaken from the literature.
of the 2.86° and 4.29° calculations @=3.5 A%, and the same

factor is used to normalized the data at 310 K. . .
ture dependence resemble those iy énd NaRbC,, dif-

o ) ] ] . fering substantially from that in ¥Cgqo. It has been noted
Ceo librational motion of either the metal-insulator transition peford?19 that the librational energies of cubic fullerides

near 40 K(Refs. 8-12or the structural transition, driven by scale with the size of the iom,, occupying the tetrahedral
the ordering of the Ngirotational motion, near 150 K  jnterstices in the cubic lattice. In brief, whep is less than

It is apparent from the present results that the magnitudg 12 A the low-temperature structure is primitive cubic
of the orientational potential in (NJK;Cgo and its tempera- (space group@ag) (Ref. 22 and the librational energy re-

mains roughly constant at-2.8 meV (e.g., NaRbGCq,
Na,CsGy). 1 However, wherr ,>1.12 A, the structure is
40 ] fcc (space groufrm3m) and the librational energy increases
el KsCeo | almost linearly with increasing, (€.9., KsCso, K3_xRB,Cgp,
Rb;Cqp).161%2°Such behavior reflects the dominance of the
repulsiveA*-Cg,>~ overlap in determining the orientational

4.5 ——————

35 | (NDK,Cq, |

a0l _ potential in these systems. However, in the case of
< i | (ND3)K3Cqp, ammoniation leads to a reduction in crystal
® o5 o i symmetry to body-centered tet.ragona(ksp.ace group
= L Ceo * | I4/mmn) (Ref. 5, and an anisotropic expansion of the unit
e 20| - cell to accommodate the largeKNH; units in the octahe-
& 3 . dral interstices. As a result, the size of the tetrahedral hole
151 Na,RbC | also becomes considerably larger, expanding,to1.28 A.
3 1 So in order to rationalize the measured characteristics of the
1.0 - n orientational potential in (NPK3Cgo we now plot(Fig. 4)
i 1 the low-temperature librational energies measured for the
0.5 - ' 7 various fulleride salts as a function of the ratiorgfto the
00 [ size of the tetrahedral hole,. Hence, when ther(,/r;) ratio

o 100 200 300 — is less than 1, the librational energy is roughly constant at
~2.8 meV. On the other hand, when,(r;)>1, the libra-
tional energy increases linearly with increasingaAr;).

FIG. 3. Temperature evolution of the librational energy for From these considerations, one can now explain the observed
(ND3)K4Cqo (solid circles. Earlier results for @ (inverted tri-  differences(similarities between the orientational potentials
angles (Ref. 14, Na,RbCy, (open circles (Ref. 17, and KCq 1IN (ND3)K3Csp and KsCqp (NaRbGg)in terms of simple
(triangles (Ref. 16 are included for comparison. Lines are guides crystal-packing considerations and the continued importance
to the eye. of the repulsiveA™-Cgs>~ interactions. The introduction of

Temperature (K)
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ammonia in the KCgq structure brings about an increase in SRR
the size of the tetrahedral hole by0.14 A and reduces the
(ralry) ratio from 1.23 in KCgqto 1.08, close to the value of
1 in NaRbGs. - Na,RbCq,

An estimate of the rotational barrier in (NJX;Cgo Ccan r
be made assuming that a simple sinusoidal hindrance poter 3.0
tial is sufficient to describe the rotational motion of the Ii-
brating group. For small amplitudes of libration,

(NDG)KSCGO'

FWHM (meV)

E.=(E2/B)(6/2m)?, (1) 2o ]
where E, is the potential barrierg is the hopping angle
between neighboring potential minimd&=0.364x 10 3
meV is the rotational constant forgg andEy, is the libra-
tional energy at a give® and temperature. The bct structure
of (ND3)K5Cep is related to that of thé\sCeo (A=K, Rb) i Ceo
systems, in which the reorientational mechanism involves — gole.utoi it ittty
angular jumpsf@~44.5°, about the threefold molecular axes, 0 50 100 150 200 250 300 350
aligned with the(111) directions in the unit ceff® Assuming Temperature (K)

a similar reorientational motion in (NJJK3Cg,, we obtain an

estimate of the activation barrier of the hindrance potential, FIG. 5. Temperature evolution of the FWHM of the librational
E,~250 meV. In agreement with the crystal size argument$eaks for (NRQ)KzCe (solid circles. Earlier results for & (in-
developed earlier, this is approximately half the size of theverted triangles(Ref. 14, Ng;RbCq, (open circles (Ref. 17, and
value E,~520 meV calculated for ¥Cs, and of the same K3_C50 (triangles (Ref. 16 are included for comparison. Lines are
order of magnitude as the barriei ~ 250—300 meycal-  9uides to the eye.

culated for Ggand NgRbGCs,. An estimate can be also made

of the temperature evolution of the rms amplitude of libra-where exp—2W] is the librational Debye-Waller factdf.
tion, Oms, within the harmonic approximation, using the ex- within the incoherent approximation and for harmonic libra-
pression tional motion, 2V is identical to the one-phonon scattering
expression (BQ?R?/3E,,cothE;,/2kT), whereR=3.5 A is
(6rme)*= (4BIEj) COth( Ejjp/2K T). (2)  the radius of the g molecule. This expression completely
describes the temperature dependence of the intensities seen
in Fig. 1.

The librational amplitudes in (NPK3Cgo are found to vary
from ~1.7° at 30 K to~6.7° at 310 K, in good agreement
with the results shown in Fig. 2.

The FWHM of the librational peaks in (NJ)K;Cq, (Fig. IV. CONCLUSIONS
5) are not resolution limited. Their values are comparable to
those in NaRbGs,,1” but considerably broader than those in

16 ; ; ; ; )
KaCeo implying an increased anisotropy of the orienta- ;- temperatures between 30 and 310 K. The fulleride units

tional potential upon ammoniation. Ingeo, the FWHM do are found to undergo small-amplitude librations about their
not increase significantly with increasing temperature

(~20% between 12 and 300)Kin sharp contrast with the equilibrium position, giving rise to well-defined librational
present ammoniated sample in which there is a substanti eaks near 3.1 meV at low temperature. The librational mo-

! oo g . . Tion is not sensitive either to the antiferromagnetic transition
'f?Cfease( 70% petw_een 30 and 310)}_<I'h|s 'S agaIn TeMI= 5 40 K or to the structural transition at 150 K, driven by the
niscent of the situation encountered in JRaC;, in which

there is a doubling of the FWHM of the librations on ap- ordering of the K-coordinated NH molecules. The libra-

posching the prmie cliolcc phase tansoR No 1000 10 S Sraler e e perenp sap v e
evidence for a similar orientational ordedisorder transi- P ’ 9

i . o tropic orientational potential. There is a striking similarity,
tion has been identified for (NPK3Ceo yet. However, the both in the magnitude of the hindrance potential and the
present experimental data imply that the system is gradually

approaching such a transition at temperatures SomeWh%{%mperature dependence of the librational excitations, be-
higher than 310 K, and it will be of interest to search for its - co" (NDYK:Cep and the primitive cubic salt NRbCeo

o As the orientational potential is determined by the strength of
occurrence up to the decomposition temperature.

The temperature dependence of the reduced integrated iH]e Coulomb repulsions in these systems, we were able to

tensity of the librational modes f, /1,,) can be accounted rationalize this behavior by noting the increased size of the

for if the librational intensityl , is associated not only with tetrahedral interstices in the body-centered tetragonal struc-
) lib ) O WItN * re of (NDy)K3Cqo. Thus these can accommodate thé K
one-phonon scattering, but with all the inelastic scattering. . X A 3
Then ions v_wth conS|d¢rany reducgd_repglsw_e Koo o_verlap
' than in KgCqo Finally, the similarities in behavior with
Na,RbGCq, raise the possibility of an orderdisorder transi-

(hip /o) =1—exd —2W], (3)  tion in (ND3)KCgq before its decomposition temperature.

We have measured the low-energy NIS spectra of
(ND3)K3Cg as a function for the scattering veciQrat vari-
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