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Y. lwasa and H. Shimoda
Japan Advanced Institute of Science and Technology, Tatsunokuchi, Ishikawa 923-12, Japan

T. T. M. Palstra
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

Y. Maniwa
Department of Physics, Tokyo Metropolitan University, Minami-osawa, Hachioji, Tokyo 192-03, Japan

O. Zhou
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974
and Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka, Tsukuba 305, Japan

T. Mitani
Japan Advanced Institute of Science and Technology, Tatsunokuchi, Ishikawa 923-12, Japan
(Received 29 January 1996

Magnetic susceptibility, electron spin resonance, &1@ nuclear-magnetic-resonance data onzNHCgo
reveal that NHK ;Cg is a narrow-band metal with a transition to an insulating ground state at 40 K. This
transition suppresses the superconductivity that is expected to occur at around 30 K according to a simple
empirical relation betweefi; and the cell volume in alkali-metal-doped;superconductors.

Soon after the discovery of the superconductivity ofat ambient pressure. Ammoniation of;&gy at high NH;
alkali-metal-doped §,,* a simple relation betweel, and  pressure results ifNH3) (K 3Cgo (x=8-10, which is insu-
lattice parameters has been establishEd:increases with lating due to too much lattice expansibs;Cgqo was syn-
lattice parameterS This trend suggests that the superconduc-thesized from liquid ammonia and found to exhibit supercon-
tivity of fullerenes are in the framework of the weak- ductivity at 40 K only under hydrostatic pressure similar to
coupling Bardeen-Cooper-Schrieffer mechanism, where  the case of NHK 3Cg.” These findings indicate that the
controlled by the density of staté$(eg) at the Fermi level lattice expansion yields nonsuperconductors rather than
er which increases with increasing intermolecular separatiomigh-T, superconductors at ambient pressure. The electronic
due to band narrowing. This simple empirical rule has moti-properties of these nonsuperconductors are important issues
vated many efforts in the synthesis of higpfullerides with ~ for the full understanding of the phase diagram of fullerides
large lattice parameters. with (Cgp) 3~ states.

The most successful results are obtained by ammonia- Among the nonsuperconductors with large lattice param-
tion of Na,CsCs (fcc cell parametera=14.132 A, eters, NHK 3Cq is a key material because it is easy to
T.=10.5 K).* Exposing preformed NiCsCq, to about synthesize in a single phase and well characterized. To in-
400 torr NH;, followed by 100°C anneal yields vestigate the reason for the absence of superconductivity in
(NH3) 4JNa,CsCysy which shows a cell expansion NH3K3Cg, we performed the electron spin resonance
to a=14.47 A and an almost tripled, of 29.7 K. In this  (ESR, magnetic susceptibility, and*C nuclear-magnetic-
case, neutral N5l molecules are intercalated as a spacer andesonance (NMR) measurements at ambient pressure.
successfully increased the cell dimension without symmetryHere we report these experimental results and show that

lowering. NH 3K 3Cgo undergoes a metal-insulator transition at 40 K
In other cases, intercalation of NHauses structural dis- that prevents an occurrence of superconductivity.
tortion from fcc® Reaction of K;Cgqo with NH; under NH;K 3;Cq, was prepared following the previous

the condition similar to that for Na&CsCg, produced works>® Starting K3Cgqo was synthesized by a direct reac-
NH 3K 5Cgo, Which has an orthorhombic structure. The unittion of K vapor and G, powders and following a one-month
cell volume of the NHK 3Cg, compound is 763 ACqy, anneal at 400 °C. Thus obtained single phasflg pow-
which is comparable to RICsCy, (T.=31 K). However, no  ders(20—-50 mg were loaded in a glass tulie mm in di-
superconductivity was observed alo2 K atambient con- amete), evacuated to 10° torr, and exposed to ammonia
ditions. Later on, the superconductivity di.=28 K was gas of 0.5 atom at room temperature for 20 min. After the
found under pressure above 10 kbahese properties sug- reaction, the glass tube was sealed under 0.5 atory. NiHe
gest that NHK 3Cg is at the verge of the superconductor- samples were annealed at 100 °C for one month. In this
nonsuperconductor boundary. method, we usually obtained Nipoor samples, which
Synthesis routes using NfHproduced several other mate- show the single-phase x-ray-diffractioXRD) pattern of
rials which retain théCg4o) 3~ state but do not superconduct NH 3K 3Cgq, but exhibit residual superconductivity from
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FIG. 1. Temperature dependence of ESR linewidth and intensity
for NH 3K 5Cg (left) and K;Cg (right). The intensity is normalized
by the room-temperature value forRgy. The thin solid line in the

bottom panel of NHK sCq, Shows a Curie component from the _ G- 2. Magnetic susceptibility of NK 3Cgo and KsCeo. The
; P Curie tail attributable to impurities are subtracteD from the raw
narrow impurity line.

data. The data for KCgy was taken after Ref. 11.

K 3Ceo With a volume fraction of a few percent. When we ¢ iier than that in NBK sCego. Figure 1 shows the tem-
exposed the Ni-poor samples to Nklgas under the same peratyre dependence of peak-to-peak linewidths and inte-
condition as the first exposure, NHich samples were grated intensities for NEK;Cgo and KsCgp. For
made. The XRD data of this sample shows the majority iSyH ,K ,C4,, the broad intrinsic component is plotted by
NH 3K 3Cqp with a slight amount of(NH3) gK3Cgp @s an  solid circles. The intensity is normalized by the room-
impurity phase. The residual superconductivity disappearedemperature value of KCgq,. While the intensity for
Analysis by H- and “®C-NMR showed that a typical K,Cg,is almost temperature independent, showing a slight
NH z-rich sample contains 1.14 NHmnolecules per G,. We  decrease at low temperature, the intensity increases with de-
measured ESR and magnetic susceptibility both orcreasing temperature followed by a sharp drop at 40 K in
NH 3-poor and rich samples, and obtained quantitatively theNH ;K ;C¢,. The ESR linewidth slightly decreases with tem-
same results, indicating that the properties reported belowerature in KCgo, Whereas, the width is almost constant in
are intrinsic to NHK 3Cg0. NMR measurements were per- NH 3K 3Cq,. However, we must note that the width data for
formed on NH;-rich samples. NH ;K 3Cg, involves large experimental errorst(0.2~0.3

9 GHz ESR data were collected on typically 2—5mgmT) at temperatures lower than 100 K, due to the narrow and
samples loaded in quartz tubes. The spin susceptibility wastrong impurity line.
estimated from the areas of the ESR signal, which were cali- First we focus on the high-temperature phase of
brated by a standard tetramethylpiperidinooxy sample usingiH ;K ;C4,. The increase in the ESR intensity upon cooling
Mn?2*/MgO as an internal standard.;K 4, shows a single is in a sharp contrast to the behavior AfCg¢,, typically
Lorentzian ESR signal at room temperature. The spin susshown in Fig. 1 for K;Cg,. Here A is alkali metals. The
ceptibility at room temperature determined by the ESR waslight decrease in the intensity of;K 4, is explained by the
4.3x10"* emu/mole for K;Cgo, Which is smaller than the reduction ofN(eg) due to the lattice contractiohThe in-
reported value&? Theg value (g=2.0009, and the peak-to- crease in the ESR intensity upon cooling observed in
peak linewidth gH=1.4 mT) are consistent with the NH;K;Cg, is rather exceptional for convention#;Cg
literature® compounds. Only from the ESR data, we cannot tell whether

The ESR signal ¢ value and peak-peak linewidtlof ~ NH ;K 3Cgq, is metallic or not. However, taking account of
NH 3K 3Cgp is very similar to that of KCg at room tem-  the susceptibility and NMR data shown below, we conclude
perature. The relative integrated intensity for BkkCgoand  that the high-temperature state is metallic. The temperature
K 3Cgg Was carefully measured using several samples. Thidependence of ESR linewidth is another useful means
experiment lead us to a conclusion that the intensity ofo investigate the metallic states of alkali intercalated
NH 3K 5Cg is the same as that of 4C¢ within an experi- Cg4, materialss The observed temperature dependence in
mental error at room temperature. NH 3K 3Cgo is very similar to that of A;Cgy materials

At low temperatures we observed different behaviors inwith large lattice parameters and with high, such as
NH3K 3Cqo and K3Cgo. In NH3K 3Cqo, @ sharp impurity RbsCg.1%° This result indicates that N§K;Cgo is @
line (~0.1 mT in width appears below 150 K in addition to narrow-band metal.
the intrinsic broad line §H~1.5 mT). The integrated inten- Below 40 K, the intrinsic broad signal suddenly disap-
sity of the sharp line approximately follows the Curie law pears leaving the sharp impurity component. The disappear-
drawn by a thin broken line in Fig. 1. The estimated spinance of the conduction ESR signal suggests a drastic change
concentration was about 2% pergCmolecule. The broad in electronic properties, such as a metal-insulator transition.
intrinsic signal suddenly decreases at 40 K and disappears Figure 2 shows the magnetic susceptibility of
leaving the narrow impurity line below 20 K. The contribu- NH ;K ;C¢, and K3Cgo. The data for the ammoniated com-
tion of impurity signal in KzCgq was roughly one order pounds were collected using a superconducting quantum in-
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terference device susceptometer on 50 mg powder samplelependent magnetization aill;, C, T,, and« are fitting
sealed in NMR tubes. The contribution from the tubes wereparameters. ThéC NMR spectra was obtained by a pulse
subtracted by an independent measurement of the empBourier transformatiof? The peak position was measured as
tube. We did not see any evidence for ferromagnetic impuria shift from that of tetramethylsilane standard. The spectra of
ties which are sometimes observed in alkali doped @a- NH;K3;Cgq has a sharp single peak with the shift of 195
terials. The raw data involved the Curie tail at low tempera-+2 ppm at room temperature, ensuring the purity of the
ture that is approximated by the formula X.00~2/(T+ 6) sample. This shift is slightly larger than that of;&g, (187
[emu/mold, which corresponds to 2.6% spins peg,Chere,  +2 ppm. The sharp spectrd3 ppm in width indicates that
=1 K). The concentration of impurity spins agrees with theCg, molecules rotate at room temperature. The signal be-
ESR data. In Fig. 2, the Curie part was subtracted from theomes broader below 150 K, implying the freezing of mo-
raw data. The diamagnetic contribution from4C potassium lecular rotation. The detailed features HC NMR and *H
ion, and ammonia was not subtracted. Both Nfth and  NMR are reported in a separate paper.
poor samples showed similar behaviors, indicating the ob- Figure 3 shows thd@; ! against temperature below 100
served features in Fig. 2 are intrinsic to NKi;Cgq. K. To test the metallic nature above 40 K, the data are com-
The susceptibilityy at room temperature is 5010 4 pared with the calculated curve of
emu/mole. This value is close to that for;&gy (4.7-5.9
X 10~ % emu/mole after Ramireet al'). Thus we conclude
that ammoniation does not change static susceptibylitgt
room temperature, in a fair agreement with the ESR results.
The y increases with decreasing temperature in contrast with Here, x5 is the spin susceptibility computed from the data
the almost temperature-independeptof K;Cgo. The x in Fig. 2 using the relation thats= x— xcore;» Where the
value at low temperature reachex 102 emu/mole, which  orbital magnetism is neglectéty e is the sum of contri-
is comparable to the raw data for RBgo.1* The enhance- bution from K;Cgq (—3.05<10°4 emu/mole* and NH,
ment of y at low temperature is qualitatively consistent with (—1.8x 10~ ° emu/molg.*® Assuming that th&® term (=0.2
the ESR. This behavior may suggest that the electron corres™ 1) is attributed to the paramagnetic impurities, the concen-
lation effect is stronger in NEK 3Cgq than in K3Cygg. tration of impurities is roughly estimated to be 3%, which is
In a marked contrast with the ESR, the susceptibility doesot far from the paramagnetic impurities found in magnetic
not show any anomaly around 40—45 K. The nonvanishingusceptibility and ESR. Since the observed NMR relaxation
susceptibility at the lowest temperature implies that the magrate 1T, (full square$ is well fitted by Eq.(1) between 40
netic excitations remain in the low-temperature state. and 100 K, the intrinsic relaxation rate is explained by the
To confirm the phase transition and investigate the highKorringa law. Although ESR, magnetic susceptibility, and
and low-temperature states, we measufé@ NMR for  resistivity’ cannot be definitive tests for the electronic prop-
NH;K 3Cgqo at 40.6 MHz. 50-mg powder samples were erties above 40 K, the NMR result provides an unambiguous
sealed in NMR tubes of 5 mm in diameter. Th¥& spin-  evidence for the metallic state. It is noted tHEt™ ! of
lattice relaxation timeT; was determined by a conventional NH 3K 3Cg is larger than that of KCgq at each temperature.
saturation recovery method, wusing the relationThis is explained by the difference jnof the two materials
M(t)=M4[1-C exp[—(t/T)*}]. Here M(t) is time- shown in Fig. 2.

1T, =Ax2T+B. 1)
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A clear deviation from the Korringa relation is observed for example in the order of IGug, cannot be easily de-
at about 40 K(indicated by an arroyy corroborating the tected by standard techniques. In the antiferromagnetically
occurrence of the phase transition. The deviation from therdered state, the magnetic susceptibility perpendicular to
Korringa law and disappearance of conduction-electron spifhe easy axis is not zero, resulting in a nonvanishing suscep-
resonance strongly indicate that this phase change is a metaibility at low temperature in powder samples. On the other
insulator transition. ~ hand, since the conditions for the antiferromagnetic reso-

As to the nature of the low-temperature phase, experimenance are very different from that for the paramagnetic reso-
tal results are controversial. NMR results imply that the |°W'nance, the ESR signal disappears at the transition tempera-
temperature state is nonmagnetic. First, we did not observg, o Al the observed features so far are understood by the

ani(fenhancemf_nt oF, V\(’jh'Ch.t'S frequgntlytfouns[i_ atthe  ,ntiferromagnetic insulator model with the small moment.
antirerromagnetic or spin density wayBDW) transition in This insulator might be related to the Mott-insulating state
organic conductor¥® Second, if the low-temperature phase

s th tif ticall dered stat the i it redicted by Rosseinskgt al®> However, the reason for the

IS the antiierromagnetically ordered states, ine finewl oment shrink remains to be explained. Experiments using

should be broadened due to the inhomogeneity of the intern tter samples might help t ve th 27|

field. The inset of Fig. 3 shows th€C NMR spectra at 80 elier sampies Might nep 10 SOVE e puzzie. ;
' . S ; ) It is noted that the results of ESR intensity and suscepti-

and 20 K. Neither the line shape nor the intensity chang

. . . ility of NH 3K 3Cgq are similar to those of RfCgq. In the
very much across 40 K, implying that the magnetic momen ¢ material. the ESR intensi ramaticall ;
is smaller than the detection limit. The ESR results also sug atter material, the ESR intensity dramatically decreases at

gest that the low-temperature phase is nonmagnetic. If th50 K, while the susceptibility exhibits only a small knee at

. . ) fhis temperaturé® The ESR linewidth, on the other hand, is
low-temperature state is antiferromagnetically ordered, t.h%onsiderably broadened below 50 K, so that the antiferro-

ESRC I'nl?-,v_\ll_'gth gs usudall[y br'giihder:]ed as ;vas fm:ndh Mmagnetic transition was unambiguously confirmzd.
b,Ceo. The observed linewidth, however, does not Show ", mary we have shown that lattice expansion and

much change around th_e tra_msition temperature, _alth_ough thE.%/mmetry reduction of KCg, by ammoniation cause a seri-
accurate measurement is hindered by the impurity line. Th%us change in electronic properties. NELCe, retains a

absence of ESR line broadening does not support the Ma%arrow-band metallic state at high temperature, but under-

netic ground states. . .. goes a metal-insulator transition at 40 K instead of supercon-
However, it is impossible to understand the nonvamshm%uctivity

static susceptibility at the low-temperature phésig. 2) in
terms of the nonmagnetic insulator model. In this model, the We thank K. Tanigaki and M. Kosaka for their experi-
temperature dependence of static susceptibility should bmental help in the early stage of this work and useful discus-
similar to that of the ESR intensity. A possible explanationsions. They are indebted to H. Kitagawa, T. Furudate, and H.
for this contradiction is the antiferromagnetic insulating stateHayashi for their experimental assistance. Y.l. thanks K.
with an extremely small magnetic moment. This hypothesiKanoda for valuable discussions. Part of this work was sup-
does not contradict the absence of broadening of ESR argbrted by a Grant-in-Aid for Scientific Research Priority Ar-
NMR lines characteristic to antiferromagnetic transition be-eas from the Ministry of Education, Sports, Science, and
cause the internal field should be also small. Small momen€ulture, Japan.
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