
Increase in Tc upon Reduction of Doping in LixZrNCl Superconductors

Y. Taguchi,1,2 A. Kitora,1 and Y. Iwasa1,2

1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2CREST, Japan Science and Technology Corporation, Kawaguchi 332-0012, Japan

(Received 13 May 2006; published 6 September 2006)

We revealed a detailed phase diagram of the very lightly doped regime in Li-intercalated super-
conductors, LixZrNCl, to which previous studies have never gained access owing to the difficulty in
synthesizing single-phase samples. A continuous and uniform Li intercalation without any indication of
phase separation was carefully confirmed by means of synchrotron x-ray diffraction and Raman scattering
experiments. Upon reducing the carrier density below x � 0:12, we found a rapid increase in the
superconducting transition temperature (Tc) immediately followed by the superconductor-to-insulator
transition (SIT). Such an increase in Tc on the verge of SIT seems to be difficult to explain by the
conventional theory, but may be indicative of the charge fluctuation contribution to superconductivity in
low-carrier-density systems.
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The control of Tc through carrier concentration is a ver-
satile and powerful means of elucidating the intrinsic na-
ture of superconductivity. In recently discovered B-doped
diamond [1], for example, it was reported [2] that Tc shows
a monotonic decrease upon reducing carrier concentration.
The decrease in Tc perhaps reflects a dominant role of
density of states at the Fermi level [N�0�)] in determining
Tc, indicating that the superconductivity in this system
obeys the conventional Bardeen-Cooper-Schrieffer (BCS)
mechanism. Here, we report that, in an electron-doped
superconducting system LixZrNCl, Tc rather increases as
a band insulator is approached by reducing the carrier
concentration.

Pristine �-ZrNCl and its Hf analogue are band insula-
tors, and become superconductors with Tc � 13 and 25 K,
respectively, by alkali-metal intercalation [3,4]. These ma-
terials have layered structures in which Zr-N or Hf-N
double honeycomb layers are sandwiched by Cl bilayers,
and Li atoms are intercalated into the van der Waals gap of
the Cl bilayers [5,6], as schematically shown in Fig. 1(a).
According to band calculations [7–11], electrons are ac-
commodated in the conduction band consisting mainly of
Zr 4d or Hf 5d orbitals. One of the unique characteristics
is that N�0� is very small for their Tc, as clearly evidenced
by a magnetic susceptibility measurement [12] of
Li0:48�THF�yHfNCl as well as a specific heat measurement
[13] of Li0:12ZrNCl. Since this system has a two-
dimensional electronic structure [7–11], N�0� is expected
to be weakly dependent on band filling. Then, Tc would
also be almost independent of the alkali-metal concentra-
tion x if the superconductivity in this system is within the
simple BCS scheme. Indeed, an almost doping-
independent Tc has been reported [14] for the AxZrNCl
(A � alkali metal) system with x > 0:16. However, it
should be noted that a very careful sample characterization
by multiple techniques would be necessary for meaningful
discussion about the doping dependence of Tc because of a
possible phase separation [4,15] which is often encoun-

tered in intercalation compounds. A more important ques-
tion is how Tc varies as the band insulator is approached
from the superconducting side while reducing x below
0.16, which is the lowest value reported in Ref. [14] be-
cause of the difficulty in synthesizing single-phase samples
with very low Li concentrations. To address these issues
and gain some insight into the mechanism of superconduc-
tivity in this system, we attempted to investigate the very
lightly doped regime of the LixZrNCl system, and suc-
ceeded in synthesizing single-phase LixZrNCl samples
from x � 0:05 to 0.31. This enabled us to observe the
critical region of SIT as a function of x for the first time.
Furthermore, we observed an increase in Tc at the verge of
SIT with decreasing x, which is anomalous in the light of
general tendency towards decrease in Tc upon reducing
carrier concentration, but possibly indicative of charge
fluctuation contribution [16–19] to the superconductivity
in low-carrier-density systems.

FIG. 1 (color). (a) A crystal structure of LixZrNCl is schemati-
cally shown. Red, light blue, blue, and green spheres represent
Li, Zr, N, and Cl atoms, respectively. (b) (110) reflection peak of
synchrotron x-ray diffraction pattern for selected LixZrNCl
samples. (c) a- and c-axis lattice constants are plotted against
x in red circles and blue squares, respectively. The estimated
errors are smaller than the symbols.
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�-ZrNCl was prepared following the procedures de-
scribed in Ref. [20]. Obtained �-ZrNCl powder was dis-
persed into n-BuLi/hexane solutions (ca. 5 mL) of appro-
priate molarity for the intended doping level x (0 � x �
0:3) for 1 d in an Ar-filled glove box. In the cases of x >
0:16, the solutions were kept at 70 �C for 2 h after the 1 d
of soaking at ambient temperature to promote Li interca-
lation. The powder was collected by filtration and samples
with x < 0:10 were subjected to annealing in sealed quartz
tubes at 600 �C for 30 min. Powder x-ray diffraction
patterns were taken at BL02B2, SPring-8. The x-ray wave-
length is 1.00132(7) Å. Li concentration (x) in the products
was determined within an accuracy of �0:01 by induc-
tively coupled plasma (ICP) spectroscopy. Thus deter-
mined x values are used throughout the Letter. Raman
spectra of the powder samples sealed in capillaries were
recorded at ambient temperature, using a micro-Raman
spectrometer with an excitation wavelength of 532 nm.
For resistivity measurement, we prepared c-axis oriented,
compressed pellets and adopted the conventional four-
probe method with current flowing parallel to the conduc-
tion plane. Magnetization measurements were performed
using a SQUID magnetometer.

An inspection of synchrotron x-ray powder diffraction
profiles revealed that all the doped samples were of single
phase, and the stacking sequence along the c axis changed
from that of the SmSI type to that of the YOF type upon Li
doping in accord with previous results [5,6]. In Fig. 1(b),
we show (110) x-ray diffraction peaks of selected
LixZrNCl samples. As x is increased, the peak clearly
shifts to a lower angle, indicating the expansion of the
in-plane lattice constant. This indicates that the Li atoms
are really intercalated into the bulk sample, accompanied
by electron transfer from the Li site to Zr-N conduction
planes. In Fig. 1(c), the lattice constants deduced from the
x-ray diffraction data are plotted against x. Although there
seems to be a discontinuity between x � 0 and 0.05,
probably because of the aforementioned change of the
stacking sequence along the c axis, both a and c gradually
and continuously increase as x is increased above 0.05.
Therefore, it can safely be said that this material forms a

solid solution system. This is very rare from the viewpoint
of the materials chemistry of intercalation compounds.

To clarify the effect of doped electrons on lattice dy-
namics, we have performed Raman scattering experiments.
Figure 2(a) shows Raman scattering spectra at ambient
temperature for selected LixZrNCl samples. In this fre-
quency region, five phonon lines (labeled A–E) are clearly
observed in agreement with previous results [21,22]. All
the peaks become slightly broader and shift to lower fre-
quencies as x is increased, but the changes are much
smaller than those observed in MgB2 [23], implying a
much weaker interaction between electrons and phonons
at least at the � point of the Brillouin zone in the present
material. All the phonon lines are symmetric with no
indication of Fano resonance, further ensuring that
electron-phonon interaction is weak in the present system.
Normalized phonon frequency is plotted in Fig. 2(b) as a
function of x. The peaks A, C, and D show rather strong
doping dependences, and the phonon frequencies of B and
E are weakly dependent on x. According to lattice dynam-
ics calculation [22], phonons B, C, and D are ascribed to
vibration modes along the c axis whereas phonons A and E
to vibration modes parallel to the conduction plane.
Continuous shifts in phonon frequencies are another evi-
dence for a steady incorporation of Li into the bulk crystal
and the subsequent electron transfer from Li to the con-
duction plane in accord with the results of x-ray diffraction.
Phonon A shows the largest change in frequency (ca. 7%)
among these modes in this doping region of 0 � x � 0:31.
The x variation of phonon frequency and linewidth are
strongly dependent on the particular phonon mode, and
systematic analysis is now in progress.

In Fig. 3(a), resistivity data are plotted against tempera-
ture for pristine and lightly doped samples below 200 K.
The pristine sample exhibits an insulating temperature
dependence throughout the region. The low-temperature
resistivity below about 70 K of pristine ZrNCl well obeys
the activation-type dependence with an activation energy
of 21 meV, which corresponds to a transport gap energy of
42 meVand is much smaller than the optical gap energy. As
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FIG. 2 (color). (a) Raman scattering spectra of selected
LixZrNCl samples. (b) Normalized phonon frequency is plotted
against x for five phonon lines (A–E).

FIG. 3 (color). (a) Temperature variation of resistivity for
lightly doped LixZrNCl. The data of pristine ZrNCl is multiplied
by 1=100. (b) Normal state conductivity at 5 K is plotted against
x. Superconductivity is suppressed by applying a magnetic field
of 9 T. The dashed curve is a guide to the eyes.
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Li atoms are intercalated, resistivity becomes progres-
sively and systematically smaller. A sample with x�0:05
shows an upturn at approximately 140 K although the
temperature dependence above 140 K is metallic and the
absolute value of resistivity is largely reduced compared
with that of the pristine sample. With a further increase in
doping level, resistivity becomes smaller and smaller, but
even the sample with x � 0:11 shows an upturn at about
50 K. Such upturns that are observed robustly at low tem-
peratures are ascribed to the Anderson localization effect
due to the disorder, which is probably reinforced by the
nature of the present specimen, namely, a compressed
pellet. The Anderson localization is signaled by the con-
ductivity of x � 0:05 material that almost obeys the T0:5

dependence at low temperatures, reaching zero at a finite
temperature [24]. The samples with x larger than 0.05 show
superconducting transition at low temperatures. The criti-
cal resistivity that divides the insulating and superconduct-
ing phases is roughly estimated to be 10�1 � cm, which
corresponds to a sheet resistance of 106 �. This value is
approximately 2 orders of magnitude larger than the quan-
tum resistance h=4e2, where disorder-driven SIT has been
reported to occur [25]. However, the absolute value of the
resistivity in the present experiment should not be taken as
it is because of the nature of the compressed pellet.

To discuss the critical region in more detail, we show in
Fig. 3(b) the evolution of conductivity in the normal state
[26] as a function of x. The conductivity for x < 0:05 is
essentially zero, but it becomes finite, and increases gradu-
ally and continuously as x is increased above 0.05.
Therefore, the doping-induced insulator-to-metal transi-
tion takes place at approximately x � 0:06 in this system.
This is the first experimental observation of the critical
region of insulator-to-metal transition in this class of lay-
ered nitride superconductors as a function of doping level.

To clarify the x dependence of Tc, we measured the
magnetization of LixZrNCl. Figure 4(a) shows the tem-
perature variation of magnetization in zero-field cooled
runs for selected LixZrNCl samples. In all the samples,
the onset of the superconducting transition is slightly ob-
scured because of a strong two-dimensional superconduct-
ing fluctuation and/or slight inhomogeneity of the samples.
Nevertheless, it is clear that Tc gradually and systemati-
cally increases as x is reduced. To show that these diamag-
netic responses represent bulk property, we plot in Fig. 4(b)
the superconducting volume fraction [27] as a function of
x. The imperfect correction of the demagnetizing field is
the reason why the estimated volume fraction exceeds
100%, but the important point is that this result clearly
shows that the superconducting signal originates from the
entire bulk sample. For three samples with x < 0:07, the
volume fractions seem to be small compared with those of
the rest of the samples; however, they are still sufficiently
high to ensure that the superconductivity is bulk property
of these samples.

Having confirmed that the samples are of high quality in
terms of superconducting volume fraction, we discuss the

x dependence of Tc [28], which is shown in Fig. 4(c). For
the doping region of 0:12 � x � 0:31, Tc slightly increases
as x is reduced in accordance with the previous result [14].
However, when x is further reduced below 0.12, the trend
changes and Tc rapidly increases to reach 15.2 K at x �
0:06, then suddenly disappears [29] at x � 0:05.

In the simplest version of the BCS theory, Tc scales as
Tc / ! exp��1=N�0�V�, where ! and V are the relevant
phonon frequency and effective attractive interaction be-
tween electrons, respectively. It is well known that N�0� is
constant as a function of carrier density in a free electron
model in two dimension. In fact, band calculations [7–11]
for this material suggest that N�0� remains almost constant,
or rather decreases, as Fermi level is reduced, and hence
doping independent, or rather decreasing Tc with reducing
x would naively be expected on the basis of the conven-
tional BCS theory. In addition, as noted earlier, the insu-
lator that locates just next to the superconducting phase is
an Anderson insulator. In the typical case [25] of the
transition to an Anderson insulator, Tc decreases as the
transition point is approached from the superconducting
side. Therefore, the increase in Tc below x � 0:12 is really
a surprising result. Even if we take the change in phonon
frequency into account, we cannot fully explain the mag-
nitude of the increase: From the Raman data, the increase
in phonon frequency is at most 7% as x is reduced from
0.31 to 0 while the increase in Tc is about 25%, indicating
that the shift in phonon frequency alone cannot explain the
observed increase in Tc. If V is enhanced when x is
reduced, then the increase in Tc may be accounted for,
but there is no obvious reason for the increase in V.

Alternatively, there may be another explanation for the
increase in Tc upon reducing x. As pointed out by Takada
[18], when the carrier density is small as in the case of the
present system, the effective electron-electron interaction

Superconductor

Metal

In
su

la
to

r

8 10 12 14 16
-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

Temperature (K)

M
ag

ne
tiz

at
io

n 
(e

m
u

/g
)

LixZrNCl

H = 10 Oe

(a)

x = 0.06
       0.09
       0.11
       0.17
       0.26

0 0.1 0.2 0.3
8

10

12

14

16

18
(c)

T
 (

K
)

x
0 0.1 0.2 0.3

0

50

100

150

200
(b)

x

V
ol

um
e 

F
ra

ct
io

n 
(%

)

FIG. 4 (color). (a) Magnetization at a field of 10 Oe (without
correction for demagnetizing field) is plotted against temperature
for selected samples. (b) x dependence of the superconducting
volume fraction determined by MH measurements at 2 K (or
5 K). Imperfect correction of the demagnetizing field is the rea-
son the estimated volume fraction exceeds 100%. (c) x depen-
dence of Tc, exemplifying rapid increase in Tc below x � 0:12.

PRL 97, 107001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
8 SEPTEMBER 2006

107001-3



can become attractive, making a positive contribution to
superconductivity in sharp contrast with the detrimental
contribution usually encountered in superconductors with
high carrier densities. As x is reduced, the dynamical part
of the screened Coulomb interaction becomes progres-
sively important; consequently, Tc may be enhanced rap-
idly below x � 0:12. In the present system, the widely used
rs parameter (defined as being in a two-dimensional sys-
tem), which corresponds to the mean electron distance,
increases from 7.3 to 10.3 as the doping level is reduced
from x � 0:12 to 0.06. According to Takada [18], Tc of
s-wave superconductivity due to a purely electronic
mechanism is negligible for small rs values, but begins to
increase rapidly at approximately rs � 8 which is close to
the rs value for the x � 0:12 compound although a three-
dimensional case is considered in his study. The impor-
tance of charge fluctuation is also stressed for low-carrier-
density superconductors by Kohno et al. [19], and for the
present superconductor by Bill et al. [16,17] in the context
of layered structures.

In conclusion, we synthesized a series of single-phase
LixZrNCl compounds with 0�x�0:31. Characterization
by means of synchrotron x-ray powder diffraction and
Raman scattering clearly indicated that Li atoms are con-
tinuously and uniformly intercalated into the bulk sample
throughout the entire concentration range without phase
separation. A SIT was found to occur at approximately x �
0:06. As the critical carrier concentration is approached
from the superconducting side, Tc very gradually in-
creases, but shows a rapid increase below x � 0:12, reach-
ing a maximum of 15.2 K at x � 0:06, and then suddenly
disappears at x � 0:05. Such an increase in Tc is anoma-
lous and may not be able to be accounted for in terms of a
simple version of the BCS theory. The increase may be a
subtle signature of the charge fluctuation contribution to
superconductivity in low-carrier-density systems.

This work was in part supported by a Grant-in-Aid for
Scientific Research from MEXT, Japan, and by the Nano-
Material Developing Project of IMR, Tohoku University.
The synchrotron radiation experiments were performed at
BL02B2, SPring-8 with the approval of JASRI. The mag-
netization measurements were in part performed at the
Center for Low-Temperature Science, Tohoku University.

[1] E. A. Ekimov, V. A. Sidorov, E. D. Bauer, N. N. Mel’nik,
N. J. Curro, J. D. Thompson, and S. M. Stishov, Nature
(London) 428, 542 (2004).

[2] H. Umezawa, T. Takenouchi, Y. Takano, K. Kobayashi, M.
Nagao, I. Sakaguchi, M. Tachiki, T. Hatano, G. Zhong, M.
Tachiki, and H. Kawarada, cond-mat/0503303.

[3] S. Yamanaka, H. Kawaji, K. Hotehama, and M. Ohashi,
Adv. Mater. 8, 771 (1996).

[4] S. Yamanaka, K. Hotehama, and H. Kawaji, Nature
(London) 392, 580 (1998).

[5] S. Shamoto, T. Kato, Y. Ono, Y. Miyazaki, K. Ohoyama,
M. Ohashi, Y. Yamaguchi, and T. Kajitani, Physica
(Amsterdam) 306C, 7 (1998).

[6] X. Chen, L. Zhu, and S. Yamanaka, J. Solid State Chem.
169, 149 (2002).

[7] R. Weht, A. Filippetti, and W. E. Pickett, Europhys. Lett.
48, 320 (1999).

[8] I. Hase and Y. Nishihara, Phys. Rev. B 60, 1573 (1999).
[9] C. Felser and R. Seshadri, J. Mater. Chem. 9, 459 (1999).

[10] H. Sugimoto and T. Oguchi, J. Phys. Soc. Jpn. 73, 2771
(2004).

[11] R. Heid and K.-P. Bohnen, Phys. Rev. B 72, 134527
(2005).

[12] H. Tou, Y. Maniwa, T. Koiwasaki, and S. Yamanaka, Phys.
Rev. Lett. 86, 5775 (2001).

[13] Y. Taguchi, M. Hisakabe, and Y. Iwasa, Phys. Rev. Lett.
94, 217002 (2005).

[14] H. Kawaji, K. Hotehama, and S. Yamanaka, Chem. Mater.
9, 2127 (1997).

[15] S. Shamoto, K. Takeuchi, S. Yamanaka, and T. Kajitani,
Physica (Amsterdam) 402C, 283 (2004).

[16] A. Bill, H. Morawitz, and V. Z. Kresin, Phys. Rev. B 66,
100501(R) (2002).

[17] A. Bill, H. Morawitz, and V. Z. Kresin, Phys. Rev. B 68,
144519 (2003).

[18] Y. Takada, Phys. Rev. B 47, 5202 (1993).
[19] H. Kohno, K. Miyake, and H. Harima, Physica

(Amsterdam) 312–313B, 148 (2002).
[20] M. Ohashi, S. Yamanaka, and M. Hattori, J. Solid State

Chem. 77, 342 (1988).
[21] P. Adelmann, B. Renker, H. Schober, M. Braden, and

F. Fernandez-Diaz, J. Low Temp. Phys. 117, 449 (1999).
[22] A. Cros, A. Cantarero, D. Beltran-Porter, J. Oro-Sole, and

A. Fuertes, Phys. Rev. B 67, 104502 (2003).
[23] K.-P. Bohnen, R. Heid, and B. Renker, Phys. Rev. Lett. 86,

5771 (2001).
[24] P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57,

287 (1985).
[25] D. B. Haviland, Y. Liu, and A. M. Goldman, Phys. Rev.

Lett. 62, 2180 (1989).
[26] For the superconducting samples, we have applied a

magnetic field of 9 T and suppressed superconductivity.
For these materials, Hc2 in the H k c direction is approxi-
mately 5 T.

[27] The superconducting volume fraction was estimated from
the zero-field cooled MH measurement (�20 Oe � H �
20 Oe) at 2 K (some of the samples were measured at
5 K). We performed a correction for the demagnetizing
field, assuming that each powder sample consists of small
plates with a completely random orientation despite the
fact that there is actually some preferred orientation.

[28] We determined Tc as the temperature at which a linear
extrapolation of the steepest portion of the zero-field
cooled magnetization data at 10 Oe [shown in Fig. 4(a)
without correction for demagnetizing field] crosses the
temperature axis.

[29] For the x � 0:05 sample, there is a very small diamagnetic
signal at low temperatures, but the estimated volume
fraction is less than 2% at 2 K, indicating that super-
conductivity is not a bulk property but is due to the
residual inhomogeneity of the sample.

PRL 97, 107001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
8 SEPTEMBER 2006

107001-4


