
Physica C 478 (2012) 29–31
Contents lists available at SciVerse ScienceDirect

Physica C

journal homepage: www.elsevier .com/locate /physc
High-pressure growth of Ca2�xNaxCuO2Cl2 single crystals and pressure effect
on superconductivity

Runze Yu, Qingqing Liu ⇑, Sijia Zhang, Xiancheng Wang, Wei Han, Changqing Jin ⇑
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

a r t i c l e i n f o
Article history:
Received 16 January 2012
Accepted 14 March 2012
Available online 22 March 2012

Keywords:
Ca2�xNaxCuO2Cl2

Single crystals
Pressure effect
0921-4534/$ - see front matter � 2012 Elsevier B.V. A
http://dx.doi.org/10.1016/j.physc.2012.03.028

⇑ Corresponding authors.
E-mail addresses: qqliu@aphy.iphy.ac.cn (Q.Q. Liu),
a b s t r a c t

Single crystals of cuprate oxychloride superconductor Ca2�xNaxCuO2Cl2 (Na-CCOC) with a systematic var-
iant Tc as a function of Na content are synthesized under high pressure and high temperature. The pres-
sure effect on the superconducting transition temperature in Na-CCOC single crystal is investigated by
electrical resistance measurements up to 6.5 GPa. It is found that the Tc decreases almost linearly with
increasing pressure, exhibiting a negative pressure shift, which is totally different pressure behavior from
that of isostructural (La,Sr)2CuO4 and other cuprate superconductors.
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1. Introduction

Pressure can be an effective tool in developing novel high tem-
perature superconductor (HTS) materials or improving their physi-
cal properties [1–5]. Ca2�xNaxCuO2Cl2 (Na-CCOC) superconductor
synthesized under high pressure has attracted great attention in re-
cent years as an ideal two dimensional model system material in the
high Tc superconductors (HTSs) [6–9]. It can be derived from La2-

CuO4 by substituting (Ca, Na) for La and chlorine for apical oxygen.
A remarkable feature of this material, from structural point of view,
is that the CuO2 planes in Na-CCOC become geometrically more two
dimensional due to the larger interlayer distance along the c-axis
direction. This is more suitable to study the two dimensional CuO2

plane behavior as revealed by angle-resolved photoemission
spectroscopy (ARPES) and tunneling scanning microscopy (STM)
measurements. For instance, STM measurements on Ca2�xNax-

CuO2Cl2 show the presence of a clear ‘‘checkerboard’’ pattern with
a four-unit-cell (4a0) periodicity, similar to the observation in the
Bi-2212. It is suggested that ‘‘checkerboard’’ state can be a candidate
of a hidden electronic state correlated with the copper oxide
pseudogap [6,7]. In addition, ARPES investigations on Ca2�xNax-

CuO2Cl2 also find some interesting phenomena arising from elec-
tronic structure typically seen in its undoped antiferromagnetic
insulator [8,9]. So investigating the compound may provide new in-
sights to the mechanism of the cuprate superconductors. Pressure is
a useful tool in understanding the importance of interlayer coupling
in high-Tc superconductors. Na-CCOC superconductor has the
weaker interlayer coupling due to the longer c -axis than that of
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other p-type high temperature superconductors. Considering the
effect of interlayer coupling on superconducting transition temper-
ature, we initiate pressure experiments, which are expected to be
the most suitable for understanding the mechanism of high-Tc

superconductivity. In this paper we synthesized single crystals of
Na-CCOC with a systematic variant Tc as a function of Na content
through changing initial stoichiometric composition under a con-
stant pressure. The pressure dependence of Tc is investigated by
electrical resistance measurements using a diamond anvil cell tech-
nique. A whole different pressure behavior from that of isostructur-
al (La,Sr)2CuO4 is observed.
2. Experimental

Single crystals of Ca2�xNaxCuO2Cl2 were synthesized under high
pressure and high temperature. The precursor Ca2CuO2Cl2 was
prepared from high-purity CaO, CuCl2 powders mixed with a molar
ratio of 2:1, and then they were heated at 800 �C for 24 h with
intermediate grindings. The initial stoichiometric composition for
single crystal synthesis is powders of Ca2CuO2Cl2, NaClO4 and NaCl
in a molar ratio of 1:0.2:0.4, 1:0.2:0.2, 1:0.2:0.0 respectively, mixed
in a glove box and sealed in Pt cylindrical capsules. The experiment
was performed in a cubic anvil high apparatus at 5.5 GPa. Temper-
ature was first ramped to 1200 �C for 10 min, and then kept at that
temperature for 40 min, finally cooled to 1050 �C for 6 h. The crys-
tal structure was analyzed by means of powder X-ray diffraction
using Cu Ka radiation. The DC magnetic susceptibility was mea-
sured with a SQUID magnetometer in an external magnetic field
of 30 Oe. The chemical compositions of single crystals were mea-
sured using a scanning electron microscope with an energy disper-
sive X-ray analyzer.
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Fig. 2. Typical XRD patterns for cleaved Ca2�xNaxCuO2Cl2 crystals. A clear shift is
observed with the increase of Na content compound. The inset is the lattice
constants versus Tc.
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The pressure-induced evolutions of the superconducting transition
temperature in Ca2�xNaxCuO2Cl2 single crystals were investigated by a
four-probe electrical-resistance measurement method in a diamond
anvil cell (DAC) at variant pressures. In our experiment, pressure
was generated by a pair of diamonds with 600 lm-diameter culet.
The stainless-steel gasket was pre indented from 250 lm to 40 lm
thickness before drilling a 250 lm hole in the center that served as
the sample chamber. The sample chamber was covered with a thin
layer of cubic boron nitride (cBN) for electrical insulation between
the gasket and the electrodes. Gold wires of 18 lm diameter were used
as electrode leads. The Ca2�xNaxCuO2Cl2 sample was laid in the center
of the sample chamber with pressure media around. The sample size
was about 200 lm� 100 lm� 20 lm. Hexagonal boron nitride fine
powder was used as the pressure-transmitting medium in this exper-
iment. The pressure was measured at room temperature by the ruby
fluorescence method before and after each temperature cooling-down.
The highly hygroscopic nature of the Ca2�xNaxCuO2Cl2 sample makes
it very difficult to get a good electric contact when preparing the elec-
trodes in air. We prepared the electrodes as fast as possible (less than
30 min) to reduce the reaction time of the sample surface with water.

3. Result and discussion

By carefully adjust the conditions of synthesis, such as pressure,
temperature, composition and reaction time, a series of Na-CCOC
samples were synthesized with various Na contents x. In the pro-
cess of crystals preparation, we try to change the initial stoichiom-
etric composition while to keep a constant pressure, which is just
contrary to those reported previously [10–12]. The crystals with
typical size up to 1.5 mm � 1.0 mm � 0.05 mm can be obtained
after breaking the reaction samples as shown in the inset of
Fig. 1. Diamagnetic signals in the field-cooling mode for a series
of Ca2�xNaxCuO2Cl2 samples are shown in Fig. 1. The elemental
compositions of the crystals with various Tc from 15 K to 25 K were
analyzed using scanning electron microscopy with energy disper-
sive X-ray. The average Na contents are 0.125, 0.133 and 0.157,
respectively, which is agreement with those reported previously
[11–12]. Crystal structures of Ca2�xNaxCuO2Cl2 with different Tcs
were examined by X-ray diffraction measurement with the inci-
dent X-ray along the c-axis was shown in Fig. 2. Only sharp peaks
along (00l) could be observed. It showed high c-axis orientation in
our samples. A clear shift for each peak indicated that the lattice
parameters for Na-CCOC crystals had a small variation with chang-
ing Na content, suggesting that the Na has been successfully doped
Fig. 1. Temperature dependence of the DC magnetic susceptibility in the field-
cooling mode for Ca2�xNaxCuO2Cl2 single crystals. The measurements are per-
formed with a field cooling at 30 Oe. The inset is the photograph of the single
crystals of Ca2�xNaxCuO2Cl2 (length scale 1 mm).
into the compound. The lattice constant c of the single crystals
with different Tcs was calculated from the XRD peaks (see inset
of Fig. 2), which was comparable to that of Na-CCOC polycrystals
[13], but larger than that of the same structural (La,Sr) 2CuO4

superconductor since replacement of apical oxygen by chlorine de-
creases the interlayer coupling between the superconducting CuO2

planes.
In high temperature superconductors, the application of pres-

sure plays a key role for improving the interlayer coupling between
the CuO2 conducting layers and further enhancing Tc. In this paper,
the pressure effect on the superconducting transition temperature
for the underdoped Na-CCOC single-crystal sample of Tc 20 K was
investigated by electrical resistance measurements. It is found sur-
prisingly that the pressure-induced Tc decreases almost linearly
with increasing pressure up to 6.5 GPa exhibiting a negative pres-
sure shift, dT(c)((25))/dP approximate to �1.87 K/GPa, as shown in
Fig. 3 and inset. The result is totally different from those of iso-
structural (La,Sr)2CuO4 [14] and other cuprate superconductors
[15–23] where Tc is increased with pressure and passes through
a maximum at higher pressures. It is implied that the pressure-in-
duced enhancement of the interlayer coupling has no measurable
improvement on the superconducting transition temperature Tc

in Na-CCOC system. The studies of thermodynamic properties
[24] found that the superconducting parameters are quite different
Fig. 3. Temperature dependence of resistance for Ca2�xNaxCuO2Cl2 (Tc = 20 K)
single crystal at variant pressures. The inset is Tc–P phase diagram of Ca2�xNax-

CuO2Cl2 obtained from resistance measurements.
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between the Na-CCOC and (La,Sr)2CuO4 single crystals. For exam-
ple, the penetration depth of Na-CCOC is almost twice larger than
that of (La,Sr)2CuO4. The theoretical calculations [25] also indicate
that the bonding between Cu 3d and Cl 3p orbitals is much weaker
than that between Cu 3d and O 2p orbital, suggesting that the chlo-
rine at the apical site is less effective than oxygen in supplying the
charge carriers to CuO2 planes. So there are great differences in
intrinsic property between Na-CCOC and (La,Sr)2CuO4 supercon-
ductors leading to the different pressure effect on the two kinds
of superconductors. The study of Na-CCOC pressure behavior fur-
ther reveals the role of apical atoms in superconductivity and the
intrinsic mechanism.

4. Summary

We have successfully synthesized single crystals of Ca2�xNax-

CuO2Cl2 with various Na content under high pressure and high
temperature. The measurements of the electrical resistance under
high pressure show that Na-CCOC exhibits a negative pressure
shift, dT(c)((25))/dP approximate to �1.87 K/GPa, which is differ-
ent from that of isostructural (La,Sr)2CuO4 and other cuprate
superconductors. Studying these differences may be useful to
make clear the mechanism of high temperature superconductor.

Acknowledgements

This work was supported by Chinese NSF and Ministry of Science
and Technology (MOST) through (2007CB925003, 10820101049, and
90921005) at IOP.

References

[1] C.Q. Jin, X.J. Wu, P. Laffez, T. Tatsuki, T. Tamura, S. Adachi, H. Yamauchi, N.
Koshizuka, S. Tanaka, Nature 375 (1995) 301.
[2] C.Q. Jin, R. Puzniak, Z.-X. Zhao, X.-J. Wu, T. Tatsuki, T. Tamura, S. Adachi, K.
Tanabe, H. Yamauchi, S. Tanaka, Phys. Rev. B 61 (2000) 778.

[3] H. Yamauchi, M. Karppinen, Supercond. Sci. Technol. 13 (2000) R33.
[4] S. Adachi, H. Amauchi, S. Anaka, N. Mori, Physica C 208 (1993) 226.
[5] Z. Hiroi, M. Takano, M. Azuma, Y. Takeda, Nature 364 (1993) 315.
[6] T. Hanaguri, C. Lupien, Y. Kohsaka, D.-H. Lee, M. Azuma, M. Takano, H. Takagi,

J.C. Davis, Nature 430 (2004) 1001.
[7] J.E. Hoffman, E.W. Hudson, K.M. Lang, V. Madhavan, H. Eisaki, S. Uchida, J.C.

Davis, Science 295 (2002) 466.
[8] F. Ronning, C. Kim, D.L. Feng, D.S. Marshall, A.G. Loeser, L.L. Miller, J.N. Eckstein,

I. Bozovic, Z.-X. Shen, Science 282 (1998) 2067.
[9] F. Ronning, T. Sasagawa, Y. Kohsaka, K.M. Shen, A. Damascelli, C. Kim, T.

Yoshida, N.P. Armitage, D.H. Lu, D.L. Feng, L.L. Miller, H. Takagi, Z.-X. Shen,
Phys. Rev. B 67 (2003) 165101.

[10] Y. Kohsaka, M. Azuma, I. Yamada, T. Sasagawa, T. Hanaguri, M. Takano, H.
Takagi, J. Am. Chem. Soc. 124 (2002) 12275.

[11] N.D. Zhigadlo, J. Karpinski, Physica C 460 (2007) 372.
[12] Kyung-Hee Kim, H.-G. Lee, Soo-Hee Oh, Jung-Dae Kim, Sung-Ik Lee, Physica C

460 (2007) 78.
[13] Z. Hiroi, N. Kobayashi, M. Takano, Physica C 266 (1996) 191.
[14] N. Yamada, M. Ido, Physica C 203 (1992) 240.
[15] C.W. Chu, P.H. Hor, R.L. Meng, L. Gao, Z.J. Huang, Phys. Rev. Lett. 58 (1987) 405.
[16] P.H. Hor, L. Gao, R.L. Meng, Z.J. Huang, Y.Q. Wang, K. Forster, J. Vassilious, C.W.

Chu, M.K. Wu, J.R. Ashburn, C.J. Torng, Phys. Rev. Lett. 58 (1987) 911.
[17] R.J. Wijngaarden, E.N. Van Eenige, J.J. Scholtz, R. Griessen, Physica C 185 (1991)

787.
[18] R. Kubiak, K. Westerholt, G. Pelka, H. Bach, Y. Khan, Physica C 166 (1990) 523.
[19] B. Morosin, D.S. Ginley, E.L. Venturini, P.F. Hlava, R.J. Baughman, J.F. Kwak, J.E.

Schirber, Physica C 152 (1988) 223.
[20] C.Q. Jin, X.M. Qin, K. Shimizu, M. Nishiyama, T. Namiki, Y. Yu, Inter. J. Mod.

Phys. B 19 (2005) 335.
[21] C.W. Chu, L. Gao, F. Chen, Z.J. Huang, R.L. Meng, Y.Y. Xue, Nature 365 (1993)

323.
[22] C. Acha, S.M. Loureiro, C. Chaillout, J.L. Tholence, J.J. Capponi, M. Marezio, M.

Núñez-Regueiro, Physica C 282 (1997) 1167.
[23] D. Tristan Jover, R.J. Wijngaarden, H. Wilhelm, R. Griessen, S.M. Loureiro, J.-J.

Capponi, A. Schilling, H.R. Ott, Phys. Rev. B 54 (1996) 4265.
[24] K.H. Kim, H.J. Kim, J.D. Kim, H.-G. Lee, S. Ik Lee, Phys. Rev. B 72 (2005) 224510.
[25] L.F. Mattheiss, Phys. Rev. B 42 (1990) 354.


	High-pressure growth of Ca2−xNaxCuO2Cl2 single crystals and pressure effect  on superconductivity
	1 Introduction
	2 Experimental
	3 Result and discussion
	4 Summary
	Acknowledgements
	References


