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Superconducting characteristics in electron-doped layered hafnium nitride:
15N isotope effect studies
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We report15N nuclear magnetic resonance~NMR! and the nitrogen-isotope effect studies onc-axis oriented
sample of Li-doped HfNCl with superconducting transition temperatureTc;25.5 K. 15N NMR Knight shift
decreases toward zero belowTc , giving evidence that the pairing symmetry is an even-parity spin singlet, and
that the nitrogen site plays an important role in the occurrence of superconductivity. A nitrogen isotope shift is
found to be quite small,DTc;0.1 K (aN50.0760.02), which cannot reproduce such a highTc within the
traditional BCS framework.
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The molecular based compounds have attracted a g
deal of attention because of their structural flexibility a
intriguing physical properties. For instance, in fullerene s
tems the insulating compounds after intercalation with alk
metal ions become metallic conductors accompanied w
the expansion of the lattice constant and show supercon
tivity at remarkably highTc up to 33 K ~Ref. 1! for non-
cuprate materials.

b-HfNCl is a layered molecular semiconductor, where t
Cl-@HfN#-@NHf#-Cl slabs stack alongc axis with a band gap
of ;4 eV.2–4 Li atoms are cointercalated with THF~tetrahy-
drofuran; C4H8O) molecules into the weak van der Waa
gap between the Cl layers and the bulk superconductivity
Li x(THF)yHfNCl appears in the doping contents of 0.13,x
,0.98 andy;0.3. The basal plane spacingd increases from
9.23 Å of b-HfNCl to 18.7 Å of Li0.48(THF)0.3HfNCl
~Li-HfNCl !.2 Tc is almost constant (;25.5 K) up tox;0.5
but gradually decreases to;24.4 K towardx;1.3 A simple
estimate from the valency implies a low-carrier density s
tem, i.e.,;1021 cm23. An issue whether the superconduct
having a low-carrier density in the vicinity of insulatin
phase is conventional or not comes into question becaus
electronic properties might be quite different from that
usual metals.

The electronic structure of HfNCl is dominated by
quasi-two-dimensional band derived from strong hybridi
tion of planer hafnium 5dxy , 5dx22y2 with nitrogen 2px ,
2py orbitals.6–8 Band structure calculations suggested t
this system is a weakly correlated electron system.6–8 Such
two dimensionality of the electronic states was actually c
firmed by experimental studies.9,10

In order to explain the highTc;25.5 K, the exchange o
optical phonons, due to light nitrogen ions with the char
teristic frequency ofv;600 cm21, between carriers migh
be a possible mechanism of the highTc superconductivity in
Li-HfNCl. Such an optical phonon mechanism is believed
be realized inA3C30 (A is an alkali metal!1 and recently
discovered MgB2.11–13 In these materials, a substanti
carbon14,15 or boron16 isotope effect was observed, strong
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supporting the phonon mechanism. As for hafnium nitrid
on the other hand, the theoretical calculation by Wehtet al,
predicted that the electron-phonon coupling strength
HfNCl is too small to gainTc;25.5 K within the phonon
mechanism including the optical phonon mechanism.8 Mean-
while, electronic mechanisms such that the pairing inter
tion is mediated by the exchange of plasmons between
riers have been studied from a viewpoint of layered structu
in which the screening of the Coulomb interaction is ve
different from that of three dimensional materials.17,18 Bill
and co-workers have provided an explanation that the h
Tc in hafnium nitrides is possible to be realized by the aid
the acoustic plasmon exchange between carriers in add
to the optical-phonon exchange. Anyway, further experim
tal and theoretical examinations are required.

The aim of the present paper is to~1! clarify the symme-
try of the Cooper pairs from15N-NMR and~2! elucidate the
nature of its superconductivity from15N isotope effect ex-
periments. Here, NMR Knight-shift studies for superco
ductors provide directly the orbital symmetry of the Coop
pairs associated with the pairing interaction. Isotope eff
studies give us an important clue to judge whether it is c
ventional superconductivity or not.

For conventional phonon mediated superconductors,
have the versatile prescription forTc given by McMillan,19

and Allen and Dynes:20

Tc5
^vph&

1.2
exp

21.04~11lep!

lep2m* ~110.62lep!
, ~1!

where ^vph&, lep , and m* are the typical phonon energy
electron-phonon coupling constant, and the Coulo
pseudopotential, respectively. A relation of Eq.~1! and mass
independentlep yields19

Tc;M 2a, ~2!

whereM is the mass of the element anda the isotope shift
©2003 The American Physical Society09-1
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coefficient. For the weak electron-phonon coupling theorya
is equal to 0.5. More detailed theories extended by Garl
and McMillan predict slight deviations froma50.5 owing
to the Coulomb repulsionm* , as follows:19,21

a5
1

2 H 12
1.04~11lep!~110.62lep!m* 2

@lep2m* ~110.62lep!#
2 J . ~3!

If the superconductivity of Li-HfNCl is mediated by th
phonon mechanism, the isotope exchange from14N to 15N is
expected to bring about sizable change inTc , such as C60
superconductors14,15 and MgB2.16 In general, however, it is
necessary to check whether or not the N site is intrinsic in
pairing. One aspect of this judgement is15N-NMR Knight-
shift ~K! study, where the isotropic part of the Knight sh
(Kiso) provides information on the local Fermi-level dens
of states at an interesting atomic site through the Fermi c
tact hyperfine interaction.22 NMR Knight-shift studies there-
fore bring about not only the important information on t
pairing symmetry, but also local electronic state at nitrog
site.

The 15N-enrichedb-HfNCl was prepared by the metho
using a sealed glass tube;3 99% 15N-enriched ammonium
chloride ~Isotech Inc., Ohaio! was vacuum sealed with
hafnium metal powder with a molar ratio of 1.05:1 in silic
glass tubes, which were first heated at 450°C for one d
Then as-prepared 99%15N-enrichedb-HfNCl was purified
for five days by a chemical transport technique using a
nace with a temperature gradient of 750–850°C.3 The prepa-
ration of Li and THF cointercalated samples ofb-HfNCl was
described elsewhere.2,3 Obtained samples were compress
into a pellet under a pressure of 1.5 kbar in arg
atmosphere.3,9 The THF content was determined to bey
50.360.05 by thermogravimetric analysis. We prepar
four oriented pellets, No.1 (14N), No.2 (14N), No.3 (15N),
and No.4 (15N) for the present studies. The samples No
and No.2 are from the same batches as in the prev
papers.5,9 The static magnetic susceptibility was measu
using a commercial superconducting quantum interfere
device magnetometer~MPMS, quantum design!. The NMR
experiments were carried out at Tokyo Metropolitan Univ
sity using a conventional pulse NMR spectrometer with
magnetic field of;94 kOe~JMTC-400/89 with field homo-
geneity of 1022 ppm/h) .

In Fig. 1, we show the15N (I 51/2) NMR spectra of~a!
pure HfNCl and ~b! Li-HfNCl obtained by the Fourier-
transform technique of free-induction decay signals, toge
with ~c! the expected powder line shapes~for details, see
figure caption!. Here, we assume that the principal axes
chemical shifts̃ and Knight shiftK̃ are the same and th
total shift tensors̃1K̃ is given by (s11K1 ,s11K1 ,s3
1K3), where 2s11s350 and 2K11K350. Since the hon-
eycomb lattice has threefold rotational symmetry, we c
apply the axial-symmetric model to the present materi
Here we should note that the linewidth for Li-HfNCl is ver
narrow in comparison with that for pure HfNCl. This mea
that the traceless anisotropic part of the chemical and Kn
shift have opposite sign from each other.
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The spectra for Li-HfNCl show the negative isotrop
shift of Kiso5265 ppm with respect to the isotropic shift o
the pure HfNCl indicating that the Knight shift at15N site is
dominated by a core polarization-type contact hyperfine
teraction where spins on the outer 2p shell polarize the inner
s shells. Knight-shift tensors are extracted to
(K1 ,K2 ,K3)5(35,35,270) ppm ~see caption of Fig. 1!.
Also, the Knight-shift anisotropy indicates that a fini
conduction-electron density exists at nitrogenpx and py
states. Actually, this is confirmed by the fact that the cal
lated K1

cal;33 ppm is consistent with the value,K1

535 ppm, extracted experimentally. Here in calculation,
use the relation of

K1
cal50.4K 1

r 3L
EF

xs;0.4
NN~EF!

N~EF! K 1

r 3L xs , ~4!

where NN(EF);0.035 states/~eV spin f.u.!,6,8,7 N(EF)
;0.25 ~states/eV spin f.u.!,5 ^1/r 3&;3.1/aB

3 , and xs51.7
31025 emu/mol5 are the partial Fermi-level density of state
at nitrogen site, total Fermi-level density of states, nitrog
2p expectation value of 1/r 3, and the Pauli susceptibility
respectively. The present result agrees well with the pre
tions from band-structure calculations that the conduct
band has mixed Hf 5dxy , 5dx22y2, and N 2px , 2py charac-
ter. Thus, the nitrogen site should be relevant to the su
conductivity.

In Fig. 2, we show the temperature dependence of15N
NMR shift, 15d1, for Hiab plane. Thed1;2106 ppm
aboveTc increases toward;288 ppm in the superconduct
ing state. This can be explained by the combined effect of
decrease of the spin susceptibility in the superconduc
state and the superconducting diamagnetic contributio

FIG. 1. 15N NMR spectra in ~a! pure Hf15NCl and ~b!
Li-Hf 15NCl ~No.3! measured at 40.540 MHz andT525 K. ~c! Ex-
pected powder line shapes:~I! in the case of axial-symmetric
chemical shift tensor with (s1 ,s2 ,s3)5(276,276,152) ppm,~II !
in the case of the axial-symmetric Knight shift tensor
(K1 ,K2 ,K3)5(35,35,270) ppm,~III ! in the case of coexistence o
axial-symmetric chemical shift and Knight shift tensors of (s1

1K1 ,s11K1 ,s31K3)5(241,241,82) ppm,~IV ! observed shift
tensord i5s i1Ki1Kiso , with Kiso5265 ppm.
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That is, the observed shift in the normal state given
d15s1 1K1 1Kiso;(276)1(135)1(265)52106 ppm
should become d15s11K11Kiso1ddia;(276)1(0)
1(0)1(210)5286 ppm at 4.2 K in the superconductin
state for the spin-singlet state.24 Here, we take into accoun
the superconducting diamagnetic shiftddia;210 ppm ex-
tracted from the Cl-NMR forH;94 kOe.23 A good agree-
ment between the calculation (286 ppm) and observed
value (;288 ppm) provides direct evidence that the pairi
symmetry is a even-parity spin singlet and that the nitrog
site is actually relevant to pair formation.

Figure 3 shows the dc magnetic-susceptibility data m

FIG. 2. Temperature dependence of15N NMR shift for Hiab
plane measured at 40.540 MHz.

FIG. 3. ~a! Sections nearTc of the Meissner curves of severa
samples of Li-HfNCl at the field of 5 G for Hic axis. Inset shows
normalized Meissner curves of samples No.1 and No.3 for fi
cooling, where the change ofTc due to isotope exchange cannot
distinguished.~b! Tc , m* vs lep calculated using Eqs.~1! and ~3!
for a50.07.
10050
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sured at applied field of 5 G parallel to the orientedc axis for
the field cooling of Li-Hf14NCl and Li-Hf15NCl. The data
show clearly the occurrence of the Meissner shielding at
onset temperature of;25.5 K and;25.4 K for Li-Hf14NCl
and Li-Hf15NCl, respectively. The plotted magnetization da
are all normalized to unity at 4 K for easier comparison
~see inset!. The nitrogen isotope coefficientaN was calcu-
lated to be aN50.0760.02, using a relation aN

52(D ln Tc(N)/D ln MN). Here,Tc’s were determined at the
5% level of the total Meissner effect in order to elimina
ambiguity arising from the shearing correction of demag
tizing field. For the calculation ofaN , no adjustment for the
isotope exchange is necessary because the exchange is
to 100%. Other adjustments, e.g., hafnium, chlorine, lithiu
proton, carbon, and oxygen atoms would be neglected,
a;aN50.07 because of following reasons:~1! Hf isotope
exchange would bring about negligible isotope shift beca
of heavy mass itself.~2! As for other atoms, their partia
Fermi-level density of states are almost nothing bo
from previous NMR studies9,23,25 and band-structure
calculations,6–8 and it is difficult to imagine that any phono
branches by atoms outside the two-dimensional@HN#2 su-
perconducting layer cause such a highTc in the conventional
phonon mechanism.

The obtained value ofa;0.07 is quite small and exclude
the weak coupling case oflep,0.3 within the phonon
mechanism21 becausea becomes 0.5 usingm* ;0 in order
to gain Tc525.5 K. That is, the small isotope exponent
0.07 implies a relatively large Coulomb repulsion; highTc

involves this large Coulomb repulsion and then implies
largelep .19 To check this, in Fig. 3~b! we showTc , m* vs
lep curves using Eqs.~1! and ~3! for a;0.07. We found,
however, that the observedTc cannot be reproduced fo
^vph&/kB5300 K, which is the upper limit among the con
ventional superconductors, except A3C60 and MgB2.19 Al-
though the McMillan relation gives us underestimates ofTc

~40% of the exact solution from the strong coupling Elias
berg theory! in the extremely strong-coupling cas
lep@1,19 we cannot explain such a highTc in the case of
usual phonon frequency less than 300 K even if we take
account this correction.

Instead, we found thatTc;25.5 K can be reproduced
by using the optical phonon of ^vph&/kB5850 K
(;600 cm21) for the strong-coupling case, same as Mg2

or A3C60. However, the obtained parameters ofm* ;0.35
andlep;1.35 seem to be quite extraordinary to realize t
conventional phonon mediated superconductiv
nevertheless.5,8 At present, the origin of the small isotop
shift is still unclear and remains an open question. Actua
the recent tunneling spectroscopy experiments by Ek
et al.provided the Bardeen-Cooper-Schrieffer~BCS! ratio of
2D/kBTc;5,26 which is inconsistent with the theoretica
prediction that the BCS ratio should be close to;3.5 in the
case of optical-phonon mechanism even for the stro
electron-phonon coupling case.27

Such discrepancies may be reconciled in such a con
that the electronic structure of Li-HfNCl is rather tw

d
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dimensional9,10,18than those ofA3C60 or MgB2. Anyway,fur-
ther experimental and theoretical examinations
desirable.

In summary,15N NMR measurements and the N-isoto
effect studies were carried out on Li-doped HfNCl withTc
;25.5 K. The NMR measurements demonstrated that
pairing symmetry is an even-parity spin singlet, and that
nitrogen site plays an important role in the occurrence
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