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Determination of 3C NMR isotropic Knight shift and deviation from BCS relation in AsCqg
superconductors
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We determined the isotropit®™ NMR hyperfine coupling constant as,,/27=0.69+0.06 MHz for the
Ceo>~ ion near room temperatuf®T). On this basis, the spin susceptibility at Rfy(RT), was estimated in
various alkali-metal doped{gcompoundsA;Cgy, Which is approximately proportional to the lattice constant
ag; we founddys/day=(0.61+0.06)x 102 (emu/mole Gy)/A . The correlation between the superconduct-
ing transition temperatur@, and xs(RT) was determined. It was found th@ of Na,RbCgy, Na,KCygq,

Li ,CsCqso, and ammoniated;Cg is significantly lower than that expected from the BCS relation based on
xs(RT). [S0163-182606)52434-3

In early works of alkali-doped @ superconductors, could not be determined. The detailed systematic analysis of
A3sCqo, the superconducting transition temperatiitewas the shift data also could give information ™{Eg) and its
believed to be a monotonic function of the lattice constantyariation with the compounds. However, it could not be per-
ao.! This relation has been well understood within a convenformed. This is because the small Knight stidtder of sev-
tional BCS picture through the Fermi level density of stateseral ppm must be extracted from th€C NMR shift tensor,
N(Eg), which becomes large ax, increases More de-  which has another important contribution from the chemical
tailed studies have clarified that th&.-a, relation of shift. In order to separate these two terms, additional infor-
sodium-containing compounds with simple culsc) struc-  mation and precise determination of the shift are required. In
ture, NaACg, (Where A=K,Rb,C9, is much steeper than the present work we determined an isotropic hyperfine
that of A;C ¢, With face centered cubidcc) structure*® The  coupling constant in(NH3);14K3Cg having a large
origin was attributed to the difference in th{Eg)-a, rela-  temperature-dependent spin susceptititignd narrow3C
tion between sc and fcc structufeasnd also to other un- NMR spectra above- 200 K. Based on this, we clarified the
known parameters such as lattice imperfections or someariation of Knight shift and spin susceptibility,, in sev-
disorders. In the case of the former, the sc structure woulderal A;Cg, compounds with differen.’s. We found that
lead to aT, of higher than 40 K by a small lattice expansion N(Eg) falls on a universaN(Eg)-a, line for all the com-
of about 0.07 A(0.5% from Na,CsCq of T;=12 K. In the  pounds studied here around room temperat®® and thus
case of LLCsCgy and Li,RbCg, with fcc structure, super- in the low-T. materials theT. deviates from that expected
conductivity has not been observed down to 50 mK, whilefrom the BCS relation based op at RT.
the empiricalT-a, relation predictsT, of a few kelvins®® A3Cgo specimens were prepared by a technique using
More recently, ammoniated alkali-doped fulleride, alkali-azide(some of them are the same specimens used in
(NH3),A3Cgo With x~1, was preparet?~*?This family ex-  Ref. 14 and also a conventional direct reaction method with
hibits also different trends in th€.-a, correlation. It is ob- alkali metal and Gg in a glass tube. Several ammoniated
vious that one of the most important issues at present is t8;Cg, Specimens were prepared by the method described in
clarify whether the deviation from the usuBl-a, relation is  previous paper® 12 Raman experiments showed no evi-
due to the effect of the Fermi level density of statd& ) in dence for deviation from 3 for the valence of G,. A
these “low-T, materials.” For this purpose, we employed conventional pulse NMR apparatus was operated at 40.6
13C NMR technique. MHz for *C NMR measurement. The NMR frequency shift

A systematic study oN(Eg) in a series ofA;Cgo super-  from that of tetramethylsilanéTMS) as a reference sub-
conductors by!3C NMR spin-lattice relation timeT; has stance is given by part per milliofppm).
been reported in previous papérs® However, in some In Fig. 1, examples of*C NMR spectra at room tempera-
compounds which do not show metalligT=const law and ture are shown. The narrow linewidth of 10-20 ppm indi-
in which theT; is dominated by other mechanismé(Er) cates that Gy molecular rotation takes place in all these
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TABLE I. *C NMR isotropic shifts from TMS in A;Cg, com-
pounds. All these compounds show the narrow spectra with
(NHp, K, 7 linewidths of 10—20 ppm due todgmolecular rotation. The Knight

w shift K;s, and spin susceptibilitys are given byK;;,= §— 150 ppm
~ Y106 2|

and ys=1.73x 10" °K s, emu/mole G,, respectively. For indepen-

LN B B B S B B PN R B B E B S B BN

K Cs il dent electrons, we hav®l(Eg)=1.55X10%y,=0.27K;s, (states/
2 eV Cgo Spin.
L K_Rb
Substance Shifs around RT  Shift § at 500 K
- K, 1 (ppm) (ppm)

;WA& Li ,CsCsp 1795
: Na,KC o 184.1(fcc), 181.6(s0)
B NaRb Na,RbCqj 185.8(fcc), 182.3(s0)

| } Na,CsCyp 185.7(fcc), 182.2(s0
Na K K 3Ce0 186.7
;WJJL‘- K,RbCgq 188.6 189.5
K ,C5Cep 187.8 189.2
~A e T Rb3Cgo 193
300 250 200 150 100 (NH3)1.08NaK;Cgo 191.3
shift 5 (Ppm) (NH3)o 6MNaK,Cgg 190.8
(NH3)114K5Cg0 195.9

FIG. 1. Examples of®C NMR spectra at room temperature.
These spectra were taken 2-5 times for each specimen and the
averaged values for the peak shift are shown in Table I.

tively, anda;s, is the isotropic hyperfine coupling constant.
Here, we assume thak.y, is temperature independent. On
the other handK;s, should be proportional to electronic spin
susceptibilityys; Kiso=(Nveyn/27)  taisoxs, Wherey, and

are the electronic and®C nuclear gyromagnetic ratio,

specimens at room temperatuf8elow ~100 K, all these
specimens show a linewidth broader thai80 ppm due to
the anisotropy of the 3 C NMR shift tensop. In

(NH3) 11K 3Cgo, wWe observed a temperature dependence oig‘s

. pectively, andh is Planck’s constant. Since the suscepti-
the resonance frequency; 5.7 ppm between 300 and 200 K:
This should be attributed to the temperature-dependen flity measured by a method such as SQUID magnetometry

10 ; iS a sum ofys and other temperature-independent terms, only
susceptibility? reported for the same specimen as the presen Kiso/dxs is deduced to be (585)% 10° ppmAemu/mole

study. Combining the NMR shif with the susceptibility I . _
(x) data measured by a superconducting quantum interfeqcc-:ﬁ‘))’ as shown in Fig. 2, givings,/ 2 =0.69+0.06 MHz

37 .
ence deviceSQUID) magnetometer, we obtained tliey the Ceo™ ion.

plot in Fig. 2. The spin susceptibility measured by ESR tech-2 Fizlllnstance, tf(\jefvaluRe fm‘w{gz can be compared_ Vr\]’.'th
nigue for the same sample was also temperature dependen z reported for W_@o, aving an error within
%. On account of the difficulty of the precise determina-

S'”?"af to that measured by the SQUID m_agneto_mb’tem- tion of the shift from the broad spectra and/or a small tem-
plying that the temperature dependence is dominated by the fi i hat th
spin part. p_erature dependence gf in Rb3Cgy, We believe that t_ e
. . e difference between these two should not be taken seriously.
In general, the NMR isotropic shifé is represented by ; ;
_ 15 ) .7 However, we emphasize that in the present study the value
6= Kisot Schem» . Where K, and d¢nem are the isotropic . :
. : . . . . . for aj,/27 was determined at high temperature, where the
Knight shift and isotropic chemicalorbital) shift, respec- . S .
large amplitude Gy molecular rotation is taking place.
Next, we take 150 ppm as the origin of the Knight shift,
1 . following a previous papef This was empirically deter-
] mined by using the shift for insulating substances, i.e., 143
. ppm for pure Gy, and 156 ppm and 157 ppm forg€ ™ in
] KsCeo and in RiyCgp, respectively. This means that one
i additional electron to g, leads to a chemical shift of 2.3
ppm. Then we have&;,,=46 ppm for (NH3); 1K 3Cgg at
300 K, which corresponds tgs=0.78x10 3 emu/mole
Cgp at 300 K. Similarly, we can estimajpg, from the isotro-
pic shift § in Table | in other compounds, using the relations
Kiso=6—150 ppm andys=1.73x 10" °K s, emu/mole G,.
For free electrons, the spin susceptibility is given by
0as b xs=2u3N(Eg), where ug is the Bohr magneton and
190 195 200 205 N(Eg) is the density of states at the Fermi level for one spin
shift 5 (ppm) direction. Then we haveN(Eg)=1.55x 10*y=0.2%K s,
(states/eV G spin), where the units of andK;s, are(emu/
FIG. 2. 5-x plotin (NH3); 14K 3Cg0. mole Cyp) and(ppm), respectively. For example, 186 ppm of

——x=-29+0017%
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35 ® w=1400 K Q- FIG. 4. The correlation between shiftat RT and(T,T) °® at
3oL @ FCC o] low temperature in Refs. 7 and 12. Both are expected to be propor-
’s SRR E tional to N(Eg). (T,T)~%® for (NH3),NaK,Cgo has not yet been
@ f o FCCat500K reported.
., 20F & RB3 : _
= sk 4 K3 E On the contrary, th& - T correlation does not have the
0 E universal curve, as shown in Fig(t8. There, we also show
=600 K those for KsCgo and RbyCgq Obtained from theT.-a, cor-
5 3 /,;f'. E relation under pressuf®, where we used the present
3 I o] e 1 I Losen e . . o
010 T 25 3035 a0 a5 50 Kisg@o correlation to obtain th&;s,-T.. The T, except

“the low-T. materials,” is found to be well described by a
conventional McMillan equation, if we use relevant phonon
energy (w) of ~600 K, the effective Coulomb potential
p* of 0.2-0.4, and the electron-phonon coupling constant

Knight shift K, (ppm)
FIG. 3. (a) The correlation between shift and lattice constant

ag. In (NH3); 1K 3Cqq, an equivalent lattice constant for fcc is . o .
shown. (b) The relation betwee; and Knight shiftK;,,. Close A given by X =0.0255K;s, for u*=0.2 and 0.04&, for

and open triangles were obtained frah(a,) dependence in Ref. #* =0.4. Thes76 vallgjes are roughly consistent with those in
20 for K4Cgo and RB,Cqo Under pressure, respectivelyee text earlier reportd” on '3C-T,. Taking the Stoner e_nhancement
The dotted lines are calculat@q using the McMillan equation with ~ Of Kiso into account] Ko xs*N(Eg)/(1—a) with N(Ef)
(0)=600 and 1400 K foru* =0.2. Without the Stoner enhance- *a<~0.44 for K5Cg estimated in Ref. Bwe find(w) up
ment factor(see text, an appropriate fitting fotw)=1400 K can-  to ~1400 K. On the other hand, thi’s of Li ,CsCs, and
not be obtained. Na,ACg, (A=Rb or K) and ammoniated\;Cg, are much
lower than those expected from the line for other fcc
K3Ceo gives xs=0.62<10"% emu/mole Gy, and  A,Cg,. This suggests thahe T, variation in A;Cg, Super-
N(Eg)=9.7 (states/eV Gyspin). This value is compared conductors is not simply described by the change {&EN
with 0.6x10° % emu/mole G, in Ref. 17 and 0.6-0.9 within BCS theory and/or the low-temperature electronic
% 10~% emu/mole G, in Ref. 18, estimated from the static states are quite different from those at high temperature in
magnetic susceptibility measurements. This value is alsethese low-T materials.To examine the latter possibility, we
consistent with ESR measurements, i.Bl(Ef)=10-15 plotted a relation between shiftat RT and{T,T) % at low
(states/eV G spin reported in Ref. 19. The agreement is temperaturgbelow ~120 K) using T, data’'?> where both
fairly good and justifies the above assumption on the originshould be proportional td(Eg). The results are shown in
of the Knight shift. Fig. 4. We notice that those for the loW: materials
The correlation between the shift and the lattice constantNa,KC4,, Na,RbCsy, and(NH3); 14K 3Csol deviate from
is shown in Fig. 8a). The lattice constant at 500 K was g straight line. In the case 6fHs); ;K 3Cqo it iS consistent
estimated from those of room temperature by assumingyith the fact that the low-temperature spin susceptibility is
day/dT~3.5x10 * A /K, i.e., a lattice expansion of 0.07 A |arger than the high-temperature values, probably due to an
between 300 and 500 ¥. Those for NgACg, (where electron correlation effect. Similarly Fig(l® indicates that
A=K,Rb,C9 were shown in sc phase. We find that the cor-N(Eg) of Na,KC &, and Na,RbCq, decreases with lowering
relation between the shift and the lattice constant is weltemperature. Except for the loWs; compounds, the linear
established, giving dKi,/day=35+4 ppm/A or dependence in Fig. 4 agrees with the assumption that the
dys/dag=0.61x 102 (emu/mole Gg)/A on the assumption orbital contribution to the NMR shift does not strongly vary
of the linear dependence. That is, the density of statefrom sample to sample.
N(Eg) (ecxs) lies on the same universal line i;Cgq, in- Such change can be due to phase transitions driven by
cluding fcc, sc, and ammoniated compourslgygesting that Fermi surface instability or by ordering of the intercalated
the electronic states of all £, compounds studied here molecules. If the alkali metals are located at off center in the
are quite similar at least around RT where the molecularCg, interstitial sites, which was actually suggested in
motion is significantThis result rules out a possibility that Li ,CsCq, (Ref. 9 and (NH3) _;A3Cq0, ! the latter should
the sc and fcd\;Cg4, have a differentN(Eg)-a, relation® be taken into account. This leads to a change of the crystal
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field at the G molecular site. Another possibility is related understood simply byN(Eg) at high temperature within
to disordered potentials induced by crystal imperfection®BCS theory. While the low-temperature electronic states
(distortion and/or site disorder of intercalated molecules, asvere suggested to be significantly different from those of
well as G orientational disorder. These would significantly high temperature in somé\;Cq, compounds, the issue
affect the electronic and superconducting properties in pafwhether or how theT,, suppression is explained within the
ticular because of the narrow bandwidth-6D.5 eV in this  BCS framework still remains to be solved. The possibility of
system. Such problems may be closely related to why fulrermi surface instability and the effect of freezing of the
lerides, including higher fullerenes, doped with alkali metal jyojecular motion on the electronic states and superconduct-
Zr c(gther elements are not usually good conductors, exceﬁ)ﬁg properties should be investigated in the future.

3%-60-

In summary, we determined the spin susceptibility in vari- The authors would like to express their appreciation to J.
ous A;C4, compounds at high temperature where the largeE. Fischer for useful comments on the manuscript. This work
amplitude molecular motions exist. The high-temperaturevas supported in part by a grant-in-aid from the Ministry of
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