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Structural phase transition in the ammoniated alkali C60 compound „NH3…K3C60
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X-ray diffraction measurements of (NH3)K3C60 have revealed a structural phase transition atTs5150 K,
which is attributed to the orientational order-disorder transition of the K-NH3 pair at the octahedral site of the
C60 lattice. The low-temperature phase has a face-centered-orthorhombic structure derived by doubling the unit
lattice vectors of the high-temperature phase along three axes. The superlattice intensity increases continuously
below Ts , which means that the transition is second order. At 100 K,T,Ts , a negative thermal expansion
is observed along thea andb axes. This is closely related to the contraction of K-N interatomic distance. We
also discuss the relation between the superconductivity and the local symmetry of C60 in the crystal.
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I. INTRODUCTION

Fullerenes are known to make compounds with vario
atoms and molecules, and especially alkali fullerides are
tensively studied1 because of the variation of the compoun
and superconductivity2. Some of them make ternary com
pounds with ammonia molecules.3–7 The most remarkable
effect of ammoniation is the significant expansion of the l
tice constant without changing the valence of C60.5 In these
years many ammonia alkali fullerides have been investiga
in order to obtain a higher superconducting transition te
perature (Tc). This is becauseTc in A3C60(A is an alkali
atom! is known to increase crucially with the cubic lattic
constant (a0) or the intermolecular distance of C60.8–10 In
the case of (NH3)4Na2CsC60 Zhou et al.3 demonstrated tha
the cubic lattice constant increases from 14.132 Å to 14.
Å on ammoniation, andTc increases from 10.5 K to 29.6 K
However, in the case of (NH3)K3C60 the superconductivity
of the pristine K3C60 disappears by ammoniation4,5 and be-
comes a magnetic insulator below 40 K.11,12 The room-
temperature crystal structure of the compound has been
termined by Rosseinskyet al.4 as an orthorhombic structur
slightly distorted from fcc. They pointed out that in the o
tahedral site of the C60 lattice K and NH3 are oppositely
displaced from the site center in the^110& direction, and the
pair of K and NH3 orient randomly to one of thê110&
directions. We can speculate that the structural distor
PRB 590163-1829/99/59~6!/3956~5!/$15.00
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from cubic symmetry or the orientational disorder of t
K-NH3 pair might be responsible for the disappearance
superconductivity.

In the present work we have studied the crystal struct
of (NH3)K3C60 at low temperatures, and have observed
phase transition at 150 K, which is attributed to the orien
tional order-disorder transition of the K-NH3 pair. We will
discuss briefly the relationship between the superconduc
ity and the local symmetry of C60 in ammoniated alkali ful-
lerides.

II. EXPERIMENTAL PROCEDURES

The polycrystalline powder of (NH3)K3C60 was prepared
by ammoniation of K3C60. The pristine powder sample o
K3C60 was synthesized by the direct reaction of potassi
vapor and C60 powder and annealed at 400°C for a mon
After that, K3C60 was exposed in dry ammonia of 0.5 atm
room temperature for 20 min. The ammoniated sample w
annealed at 100°C for a month in a glass ampoule with
atm NH3. The sample was sealed in a thin glass capillary
an x-ray diffraction experiment. We used two sample
sample A was used for the diffraction intensity measurem
and the structural analysis, and sample B for the tempera
dependence measurement of the lattice constant. In the x
diffraction study sample B was found to contain a trace
K3C60, so that the mean composition of NH3 might be
slightly smaller than 1.
3956 ©1999 The American Physical Society
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X-ray diffraction measurements were carried out by us
synchrotron radiation x rays at Photon Factory (BL6C1 and
BL18C!, KEK, Tsukuba. The incident x ray was monochr
matized at wavelength 1.100 Å with a Si double crystal a
collimated to 0.2–0.5 mm in diameter. An imaging plate w
used for detection of the diffraction rings, which was co
verted in the conventional spectrum by integrating the int
sity along the Debye ring.

III. EXPERIMENTAL RESULTS

Figures 1~a! and 1~b! show the diffraction spectra o
(NH3)K3C60 at 300 K and 15 K, respectively. For the 300
spectrum we can assign all the peaks to the face-cente
orthorhombic cell with the lattice constants ofa0514.917
60.010 Å , b0514.97160.010 Å , and c0513.692
60.004 Å . The present values are consistent with the re
of Rosseinskyet al.4 However, at 15 K we have observed
number of extra peaks as shown in Fig. 1~b!. These extra
peaks correspond to the index of half an integer or the
bidden reflections in the face-centered lattice; for exampl

FIG. 1. Powder x-ray diffraction spectra of (NH3)K3C60 at 300
K ~upper panel! and 15 K~lower panel!. The insets are magnifica
tion of the low-angle region. The cross marks represent obse
intensity, and solid lines are the result of Rietveld refinements in
space groupFmmmfor 300 K andFddd for 15 K, respectively. The
arrows in the lower inset indicate the superlattice reflections
served belowTs .
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peak at 2u57.1° is indexed to (32
1
2

1
2 ) and (1

2
3
2

1
2 !, while that

at 6.0° corresponds to~110!. The appearance of these supe
lattice and forbidden peaks indicates that the unit lattice v
tors of the low-temperature phase should have a double
of the fundamental ones.

The observed peak indices can be presented by the
ditions h1k,k1 l ,l 1h5 integer ~here, hkl is the index in

the fundamental unit cell!, and the reflections~100! and
~010! (2u54.2°, if it exists! and ~001! (2u54.6°) are not
observed under the experimental condition. From these c
ditions we can uniquely identify this phase as the sp
group Fddd. As the origin of the structural phase transitio
we can consider some possibilities, such as the C60 dimer or
polymer formation, the orientational ordering of C60 mol-
ecules, or the positional ordering of K-NH3 pairs at the oc-
tahedral site. The possibility of dimerization or polymerz
tion is very low because the intermolecular distance
C60;10.1 Å in the present case is much larger than those
the C60 dimer or polymer, namely, 9.34 Å in the case
KC60 dimer13 and 9.11 Å in KC60 polymer.14 The orienta-
tional ordering of C60 cannot explain the observed stron
intensity of superlattice reflections especially in the lo
angle region. Therefore we proceed the structural analysi
basis of the positional ordering of K-NH3 pairs.

In order to satisfy the space groupFddd, we should put
the off-centered potassium atom on the 32h position (1/4
1dx ,dy,0), where (1/4,0,0) is the center of the octahed
site and (dx ,dy,0) is a displacement vector. The NH3 mol-
ecule is placed at an off-centered position in the oppo
direction to potassium. Based on this model we carried
the Rietveld refinement with use of theRIETAN program15 on
some assumptions. Namely, C60 molecules are considered t
align in the specific direction according to the structu
analysis of the room-temperature phase;4 that is, three or-
thogonal twofold axes of the C60 molecule are put parallel to
the unit lattice vectors. The bond length of C60 is fixed to
1.40 Å for the bond between two hexagons and 1.45 Å
that between hexagon and pentagon. The NH3 molecule is
approximated by a nitrogen atom and three hydrogen at
at the same position; this approximation was taken beca
of the low scattering power of hydrogen atoms, so that
cannot determine the orientation of the ammonia molec
around its threefold axis. The occupancy of all atoms
fixed to unity.

After the refinement we obtain the best-fit spectra for 3
K and 15 K data as shown in Figs. 1~a! and 1~b!, respec-
tively. The calculation for 300 K on the space groupFmmm
reproduces well the experimental spectrum; the weigh
patternR factor (Rwp) is 2.18%. For the low-temperatur
phase we also obtain a good fit withRwp52.63%. The lat-
tice constants at 15 K are obtained asa0529.792
60.010 Å , b0529.87360.010 Å , and c0527.112
60.004 Å and the molecular and atomic positions are giv
in Table I. As shown in Figs. 2~a! and 2~b!, the crystal struc-
ture of the ordered phase is characterized by the alignmen
the K-NH3 pair; the K-NH3 pair on theab plane (z50, for
example! aligns in the@110# direction with the same polar
ization, and the direction of the pair is antiparallel at the n
chain on the sameab plane. The pairs on the upperab plane
(z51/4) direct to@ 1̄10# or @11̄0#, perpendicular to those on
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the considered plane (z50). Namely, the direction of the
K-NH3 pair is obtained by stacking theab plane along thec
axis with the glide vectors of 1/2(6a6c) and 1/2(6b6c),
where a,b,c are the unit lattice vectors in the fundamen
cell. This configuration is very similar to an antiferroelectr
order.

Figure 3~a! shows the temperature dependence of int
sity of the ~110! reflection that is forbidden for the high
temperature phase. The reflection appears belowTs
5150 K, the structural transition temperature. The intens
changes continuously belowTs and no appreciable therma
hysteresis was observed. These facts indicate that the p
transition is the second order. The temperature depende
of the lattice constants in sample B are shown in Figs. 3~b!
and 3~c!. The difference betweena0 and b0 is too small to
distinguish, so that the average value is given in the figu
The lattice constanta0 ~and b0) of sample B is a little
smaller than the result of the Rietveld analysis for sample
the difference may come from a small deficiency of NH3 in
sample B. A most remarkable feature is an anomalous t
perature dependence in the lattice constanta0 , that is, a
negative expansion between 100 K and 150 K, whereas
observe no anomaly inc0 . This temperature region just co
responds to that of the evolution of the superlattice refl
tions, which suggests that the negative expansion is clo
related to the orientational ordering of the K-NH3 pair in the
ab plane. In this connection we estimated the K-NH3 dis-
tance at some temperatures by the Rietveld refinemen
shown in Fig. 3~d!. The distance below 75 K~where the
superlattice reflection is saturated enough! is 2.57
60.03 Å , but at 155 K~above Ts) it decreases to 2.47
60.05 Å , namely, a contraction of 0.1 Å . The contracti
of the lattice constant, which is estimated as about 0.03
is plausibly attributed to the contraction of the K-NH3 dis-
tance.

We have tried to detect any structural anomaly at 40
where the metal-insulator transition is reported in the susc
tibility measurements.11 However, we observed no appre
ciable extra peaks within the noise level, about 1/3 of

TABLE I. The best-fit result of Rietveld refinement of the low
temperature phase~15 K! of (NH3)K3C60 in the space groupFddd
~origin choice 2!. There are 60 crystallographically inequivale
carbon atoms, but only the center of the C60 molecule is represente
for simplicity. The lattice constants are a0529.791
60.010 Å , b0529.87360.010 Å , and c0527.112
60.004 Å . R factors for fit are Rwp52.63% and RI

52.45%. B is the isotropic thermal parameter in the Deby
Waller factor, exp@2B(sinu/l)2#.

Site x y z B(Å 2)

C60 16c 0 0 0 3.9~3!

C60 16d 0.5 0.5 0.5 3.9~3!

K1 8a 0.125 0.125 0.125 3.7~3!

K1 8b 0.125 0.125 0.625 3.7~3!

K1 16e 0.375 0.125 0.125 3.7~3!

K1 16f 0.125 0.375 0.125 3.7~3!

K1 16g 0.125 0.125 0.375 3.7~3!

K1 32h 0.285~5! 0.032~4! 0 7.2~6!

NH3 32h 0.220~9! 20.025(9) 0 7.2~6!
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~110! reflection. Moreover, the spectrum at 75 K is satisfa
torily explained by the same structural model as 15 K exce
for the thermal expansion of the lattice.

IV. DISCUSSION

In the present study we have revealed that the structu
phase transition in (NH3)K3C60 originates from the orienta-
tional order-disorder transition of the K-NH3 pair at the oc-
tahedral site. At the low-temperature phase the pair orients
the ^110& direction in a fashion of an antiferroelectric mate
rial, while at the high-temperature phase it takes random o
entations and changes the direction dynamically. The d
namical motion of ammonia molecules was also observed
other experiments. Recent neutron inelastic scattering stu
reveals a sharp peak in the low-energy phonon density
states below 150 K and it increases in intensity with decrea

FIG. 2. ~a! The z50 section of the low-temperature phase o
(NH3)K3C60. Black and white balls represent K and NH3 , respec-
tively. The crystal consists of the stack of the layers alongc axis
with the diamond glide. Antiferroelectric ordering of K-NH3 pairs
is clearly seen.~b! Schematic view of the unit cell. The black
spheres represent the center of C60 molecules. The arrows represen
antiferroelectrically aligned K-NH3 pairs. Potassium atoms in the
tetrahedral site are not shown for simplicity.
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ing the temperature.12 They suggested this peak is close
related to the libration of ammonia molecule. The appe
ance of the librational mode indicates the freezing of amm
nia rotation. Moreover, Maniwa and Sugiura16 observed the
change in 1H NMR spectra associated with the rotation
motion of the threefold axis of the ammonia molecule abo
100 K.

The ordered structure of the K-NH3 pair in the present
study~Fig. 2!, is analogous to an antiferroelectric order. T
two-dimensional~2D! structure of pairs in theab plane can
be well understood by the electrostatic interaction betw
potassium ions. In this section we use the terms ‘‘antifer

FIG. 3. ~a! The temperature dependence of intensity of the~110!
reflection, which is forbidden aboveTs . ~b! and ~c! Temperature
dependence of the lattice constants. The difference betweena0 and
b0 is so small that the averaged value is shown here. Open squ
and filled circles are the data in cooling and heating runs, res
tively. The solid lines are the guides to eyes.~d! The distances
between K and NH3 estimated from Rietveld refinements.
r-
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electric’’ order and ‘‘dipole’’ for the K-NH3 pair, because K
and NH3 rotate in a pair just like a dipole around the oct
hedral center. The electric dipoles in a 2D array are energ
cally favorable for alignment parallel to each other in t
direction of the dipole moment and antiparallel in the dire
tion perpendicular to the moment, and this structure is re
ized in our case. When considering the 3D configurati
however, the situation becomes a little complicated. We h
two configurations of dipoles, that is, one is the parallel ty
where the nearest-neighbor~NN! pairs in the next planes ar
parallel or antiparallel to those pairs on the considered pla
and the other is the perpendicular type where NN pairs
perpendicular to those pairs considered. The Madelung
ergy calculation, where C60 is approximated as a poin
charge of23e, gives a little smaller energy~58 K! for the
parallel type. However, the perpendicular type is realiz
actually in (NH3)K3C60; in the parallel type the~110! reflec-
tion should be forbidden, but it is observed in our case. T
inconsistency is not explained yet; we have to consider
higher-order interactions.

As for the negative thermal expansion observed aro
Ts , we do not have a clear explanation. A possible argum
is the steric effect between NH3 and C60 molecules. Namely,
below Ts ammonia molecules orient with nitrogen pointin
to a potassium atom and hydrogen atoms facing to C60 mol-
ecules, and those hydrogens may act as a steric hindr
through the hydrogen bonding to C60 molecules. AboveTs ,
ammonia molecules begin to rotate, which leads to a sma
effective radius of the molecule.

Next we discuss the relation between the crystal struc
and the superconducting properties in ammoniated fullerid
Tc of superconducting alkali fullerides,A3C60, is well
known to have an increasing function against the lattice c
stanta0 ; this behavior is understood in terms of the increa
of the electron density of state of thet1u conduction band. In
the case of ammoniated alkali fullerides the lattice const
increases from those of the pristine compounds, and a hig
Tc can be expected according to the above relation. In
sense (NH3)4Na2CsC60 is a successful case, whereTc actu-
ally increases. However, the (NH3)K3C60 is not the case,
where the superconductivity disappears. This fact can
possibly understood by the structural difference, especi
the local symmetry of the C60 molecule in relation with the
surrounding alkali cations and NH3 molecules. In the case o
the (NH3)4Na2CsC60, four NH3 molecules form a tetrahe
dron whose center is occupied by an Na ion. Therefore,
local symmetry of the C60 is Th , which is the same as the fc
A3C60. This symmetry keeps the triple degeneracy of thet1u
molecular orbital, the density of state is increased by amm
niation, andTc increases. On the other hand, in the case
(NH3)K3C60, the local symmetry of the C60 in the low-
temperature phase isCi , a lower symmetry than in the pris
tine K3C60. The symmetry reduction toCi lifts completely
the triple degeneracy of thet1u molecular orbital and this
may have a serious effect on superconductivity in t
compound.17

V. CONCLUSION

In x-ray diffraction measurements of (NH3)K3C60 we
have found a structural phase transition atTs5150 K. The
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low-temperature phase has the doubled unit lattice vec
along three axes with respect to the high-temperature ph
The transition is characterized by the antiferroelectric ord
ing of the K-NH3 pair at the octahedral site of C60 lattice,
whereas aboveTs the pair orients randomly to one of fou
equivalent directions. The superlattice intensity increa
continuously belowTs , which means that the transition
second order. At 100 K,T,Ts , a negative thermal expan
sion is observed along thea and b axes. This is closely
related to the observed K-N interatomic distance, wh
shows a contraction aroundTs with increasing temperature
a
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We also discuss the disappearance of superconductivit
relation to the re-duction of the local symmetry of C60 mol-
ecule, which lifts the triple degeneracy of thet1u orbital.

ACKNOWLEDGMENTS

The authors thank Otto Z. Zhou for valuable discussi
This work was supported by ‘‘Research for the Future’’
the Japan Society for the Promotion of Science~JSPS!, Ja-
pan. Three of the authors~K. Ishii, H. Shimoda, and H. Na-
kao! were supported by the JSPS.
d

e-

tic
-

en
id-

al

,

*Present address: Kawada Research Corporation, 122-3 Yagih
Tsukuba, Ibaraki 305-0842, Japan.

1D.W. Murphy, M.J. Rosseinsky, R.M. Fleming, R. Tycko, A.P
Ramirez, R.C. Haddon, T. Siegrist, G. Dabbagh, J.C. Tully, a
R.E. Walstedt, J. Phys. Chem. Solids53, 1321~1992!.

2A.F. Hebard, M.J. Rosseinsky, R.C. Haddon, D.W. Murphy, S.
Glarum, T.T.M. Palstra, A.P. Ramirez, and A.R. Kortan, Natu
~London! 350, 600 ~1991!.

3O. Zhou, R.M. Fleming, D.W. Murphy, M.J. Rosseinsky, A.P
Ramirez, R.B. van Dover, and R.C. Haddon, Nature~London!
362, 433 ~1993!.

4M.J. Rosseinsky, D.W. Murphy, R.M. Fleming, and O. Zho
Nature~London! 364, 425 ~1993!.

5O. Zhou, T.T.M. Palstra, Y. Iwasa, R.M. Fleming, A.F. Hebar
R.E. Sulewski, D.W. Murphy, and B.R. Zegarski, Phys. Rev.
52, 483 ~1995!.

6H. Shimoda, Y. Iwasa, Y. Miyamoto, Y. Maniwa, and T. Mitan
Phys. Rev. B54, R15 653~1996!.

7P.F. Henry, M.J. Rosseinsky, and C.J. Watt, J. Chem. S
Chem. Commun.1995, 2131.

8R.M. Fleming, A.P. Ramirez, M.J. Rosseinsky, D.W. Murph
R.C. Haddon, S.M. Zahurak, and A.V. Makhija, Nature~Lon-
don! 352, 787 ~1991!.

9O. Zhou, G.B.M. Vaughan, Q. Zhu, J.E. Fischer, P.A. Heiney,
Coustel, J.P. McCauley, Jr., and A.B. Smith, III, Science255,
833 ~1992!.

10K. Tanigaki, I. Hirosawa, T.W. Ebbessen, J. Mizuki, Y. Sh
shi,

.
d

.
e

.

,

,
B

c.,

,

.

-

makawa, Y. Kubo, J.S. Tsai, and S. Kuroshima, Nature~Lon-
don! 356, 419 ~1992!.

11Y. Iwasa, H. Shimoda, T.T.M. Palstra, Y. Maniwa, O. Zhou, an
T. Mitani, Phys. Rev. B53, R8836~1996!.

12C.M. Brown, K. Prassides, Y. Iwasa, and H. Shimoda, inRecent
Advances in the Chemistry and Physics of Fullerenes and R
lated Materials,edited by K. M. Kadish and R. S. Ruoff~Elec-
trochemical Society, Pennington, 1997!, Vol. 4, p. 1224.

13Q. Zhu, D.E. Cox, and J.E. Fischer, Phys. Rev. B51, 3966
~1995!.

14P.W. Stephens, G. Bortel, G. Geigel, M. Tegze, A. Ja´nnosy, S.
Pekker, G. Oszlanyi, and L. Forro´, Nature~London! 370, 636
~1994!.

15F. Izumi, inThe Rietveld Method, edited by R.A. Young~Oxford
University Press, Oxford, 1993!, Chap. 13; Y.I. Kim and F.
Izumi, J. Ceram. Soc. Jpn.102, 401 ~1994!.

16Y. Maniwa and D. Sugiura~private communication!.
17Cs3C60 is known to become a superconductor under hydrosta

pressure~Ref. 18! and the crystal structure is body-centered te
tragonal in which thet1u orbital lifts. However, the crystal has a
disorder in the occupation of the Cs atom and it should be tak
into account because the disorder of the alkali atom is cons
ered to affect significantly to the superconductivity~Ref. 6!. On
the other hand, there is no disorder in (NH3)K3C60 at low tem-
perature and this enables us to extract the effect of the loc
symmetry on the superconductivity in alkali fullerides.

18T.T.M. Palstra, O. Zhou, Y. Iwasa, P.E. Sulewski, R.M. Fleming
and B.R. Zegarski, Solid State Commun.93, 327 ~1995!.


