
Pis'ma v ZhETF, vol. 91, iss. 8, pp. 457 { 460 c 2010 April 25Phase segregation in NaxCoO2 for large Na contentsT.A.Platova+�1), I. R.Mukhamedshin+�, A.V.Dooglav+, H.Alloul�+Physics Department, Kazan State University, 420008 Kazan, Russia�Laboratoire de Physique des Solides, UMR 8502, Universit�e Paris-Sud, 91405 Orsay, FranceSubmitted 12 March 2010We have investigated a set of sodium cobaltates (NaxCoO2) samples with various sodium content(0:67 � x � 0:75) using Nuclear Quadrupole Resonance (NQR). The four di�erent stable phases and anintermediate one have been recognized. The NQR spectra of 59Co allowed us to clearly di�erentiate the purephase samples which could be easily distinguished from multi-phase samples. Moreover, we have found thatkeeping samples at room temperature in contact with humid air leads to destruction of the phase purity andloss of sodium content. The high sodium content sample evolves progressively into a mixture of the detectedstable phases until it reaches the x = 2=3 composition which appears to be the most stable phase in this partof phase diagram.Introduction. The family of sodium layered cobal-tates NaxCoO2 (0 < x � 1) has a rich phase diagram[1], which includes most interesting scienti�c phenomenapresent in condensed matter physics, such as supercon-ductivity [2], spin density wave [3], magnetic frustrationin a triangular lattice, coexistence of metallic and mag-netic properties, both Curie-Weiss and 2D metal, etc [4].Moreover, high ionic mobility and high Seebeck coe�-cient [5, 6] allow to consider this compound for potentialthermoelectric applications [7, 8].The concentration x of sodium ions and their or-der/disorder in the Na plane play a fundamental rolein the physical properties of cobaltates. The Co ions arein the large crystal �eld induced by their oxygen octa-hedral environment, so the 3d levels are split and thedi�erence in energy between the lower t2g triplet andupper eg doublet is � 2 eV, thus only the t2g tripletstates are �lled [1]. Therefore the electronic structure ofthe Co ions is expected to correspond to low spin con-�gurations with total electron spin S = 0 or S = 1=2with charge states Co3+/Co4+, respectively.In the present work we have studied the cobaltatesNaxCoO2 at large sodium content x range (0:67 � x �� 0:75). This concentration range bears our attentiondue to the occurrence of an A-type magnetic orderingat x ' 0:75 and its absence at lower sodium contentsx < 0:75 [1, 9]. In Ref. [10] the existence of four sta-ble phases in this Na concentration range has been es-tablished. These phases display a similar nearly fer-romagnetic in-plane behavior above 100K but exhibitsigni�cantly di�erent ground states. The structure ofone of these phases has been proposed recently using1)e-mail: tanya.platova@gmail.com

NMR/NQR data and con�rmed by x-ray Rietveld analy-sis [11, 12].In NQR, nuclei with an electric quadrupole momenthave their nuclear spin energies split by the electric �eldgradient (EFG) created by the electronic bonds in thelocal environment. So this technique is very sensitive tothe nature of the bonding around the nucleus.Samples. The reproducible preparation of single-phase samples with precise stoichiometries is notstraightforward in cobaltates. The high ionic mobilityof sodium and its chemical activity (for example, Naions easily react with molecules present in the ambientatmosphere to form NaOH or sodium carbonates) makethe control of Na content even more di�cult.However, the methods for reproducible synthesis ofsingle-phase powder samples in the 0:67 � x � 0:75sodium range have been reported in Ref. [10, 12]. Toprotect the powders from the inuence of water theywere packed into protecting materials. Several protect-ing materials have been used in our experiments: theepoxy resin (Stycast 1266) and para�n, which displaydistinct advantages and disadvantages. The Stycast per-fectly protects the powder from water inuence, how-ever we have found that for samples packed in Stycast,the NQR spectra displayed resonance lines �1.9 timesbroader than pure powder or samples packed in para�n(see Fig.1). Thus, the para�n packed powder have beenused for most further investigations. To eliminate di�u-sion processes in the Na layers the samples were kept inliquid nitrogen.Experimental details. The NQR measurementswere carried out with a home-built coherent pulsedNMR/NQR spectrometer. The NQR spectra of 59Cowere taken \point by point"with a �=2���� radio fre-quency pulse sequence by varying the spectrometer fre-�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010 457
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Frequency  (MHz)Fig.1. (Color online) Cobalt NQR lines of pure powderand powder packed in Stycast and para�n: solid (red)line, dotted (black) line and dash-and-dot (blue) line, re-spectivelyquency. These sweeps were done with equal frequencysteps at 4.2K. A Fourier mapping algorithm [13, 14]have been used for constructing the detailed NQR spec-tra.NQR characterization of the phases. We havestudied a series of samples with various sodium contents(0:67 � x � 0:75). The NQR spectra of 59Co nuclei al-lowed us to clearly di�erentiate four stable phases (seeFig.2) marked as H67, O71, H72 and H75. This nota-
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70 hoursFig.2. (Color online) NQR spectra for the four single phasesamples studied in Ref. [10]. The di�erence in spectra isobvious { each spectrum has at least one line which doesnot appear in the other phases as shown by the colouredarrows and vertical lines (H67-solid (black) line, O71 {dotted line (red) and H72 { dash-dotted (blue) lines. Thesample denoted as Mix, with a Na composition in betweenthe O71 and H72 phases, is the mixture of those phasesas its NQR signal is a weighted composition of the NQRsignals of these two phases. H75 which is antiferromag-netically ordered at 4.2 K displays a broad ZFNMR signaldue to the internal magnetic �eldtion is the same as used in Ref. [10]. The number in the

phase label is an approximate sodium content (x = 0:67,0.71, 0.72 and 0.75, respectively) and the letter is a typeof unit cell (H-hexagonal, O-orthorhombic). The partof the 59Co NQR spectra which correspond only to the(�7/2 { �5/2) transitions of 59Co nuclei [10, 12] areshown in Fig.2. It is clearly seen that every phase hasits own unique 59Co NQR spectrum. The H67 phasehas the simplest spectrum which consists of two linesat � 6:5MHz and � 7:5MHz in this frequency range.In the 5:5� 8:5MHz range the O71 has 8 and H72 has6 resonance peaks. The doublet of lines at � 7:8MHzand the two resonance lines at � 7:75 and � 8:2MHzare characteristic features of the O71 and H72 phases,respectively. These pairs of lines are labeled in Fig.2by dotted lines and by dash-dotted lines. The spectrumof H75 phase di�ers considerably (Fig.2) and it will bediscussed below.Thus, the NQR spectrum is unique and characteristicfor each single phase. This allows easily to distinguishsamples which are a mixture of two or more phases. Weshow as an example in Fig.2 the 59Co NQR spectrumof the sample (labeled as Mix) with a sodium contentintermediate between O71 and H72 which contains bothsignals from these two phases. So the NQR is a sensi-tive method to distinguish single phase samples from amixture of phases. This �nding becomes very importantas it will allow to characterize better freshly synthesizedsamples and clarify the phase diagram of the sodiumcobaltates.The spectral lines of H67, O71 and H72 phases arerather narrow (linewidths �30-50 kHz), which pointsout that the spread of EFG on the nuclear site posi-tions is rather small. These phases have a �nite numberof cobalt non-equivalent sites indicating the existenceof well de�ned local ordering in the Co and Na planes.The structural model of the H67 phase (Na2=3CoO2 com-pound) have been proposed recently in Ref. [11, 12]. Oneunit cell of this models contains four Co and three Nanon equivalent sites which have been detected by NQR[11, 12] and by NMR [15, 16]. From the comparison ofthe NQR spectra it is obvious, that the H67 phase hasthe simplest structure in the 0:67 � x � 0:75 sodiumconcentration range. The structural organization in thesodium planes is still an open question for the O71 andH72 phases.The existence of the antiferromagnetic (AF) orderwith TN = 22K is the characteristic feature of thex ' 0:75 compound. Such AF order was detected by�SR in our samples [17], as well as by low �eld bulksusceptibility measurements. Neutron scattering studyof the same phase established the A-type AF ordering(ferromagnetic in plane and AF between planes) [18, 19].�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010



Phase segregation in NaxCoO2 : : : 459As our studies have been carried out at 4.2K, the H75phase sample was magnetically ordered at this temper-ature. Therefore the observed signal in the H75 phasecorresponds to the so-called zero �eld NMR (ZFNMR).In this case, the nuclear energy levels are split by theinternal magnetic �eld. Thus, the observed spectrumconsists of seven lines, which correspond to the typicalNMR spectrum for nuclear spin 7/2 (one central line and6 satellites), but only �ve of them are shown on Fig.2.We have failed in detecting the NQR spectrum of theH75 phase above TN , due to signi�cant shortening oftransverse relaxation time (T2).During the experiments we have found that the phasecontent of the samples packed in para�n were changed.It should be noted that the para�n packed samples be-tween experiments were kept in liquid nitrogen. To per-form the measurements we had to take out samples fromliquid nitrogen, warm them to the room temperature andafter that insert them in the probe of our spectrometer.In Fig.3 the evolution of phase content of one sample
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Fig.3. (Color online) Evolution of a para�n packed sam-ple from the H75 phase (a) to the H72 phase ((b), H72phase lines are marked with dash-dotted (blue) lines) and,�nally, to the mixture of H72 and O71 phases ((c), O71phase lines are marked with dotted (red) lines). For detailssee textafter few tens such thermal cyclings to room tempera-ture is shown. This sample was initially the H75 single-phase powder (upper spectrum in Fig.3 { broad ZFNMRlines). However, the powder transformed progressivelyinto the H72 phase, and then the lines of the O71 phaseappeared. Most probably, during repetitive fast changesof temperature, condensed water molecules were able tointeract with the powder at room temperature.Phase segregation. Therefore the phase compo-sition of the samples could change due to non-perfectstorage conditions at room temperature. To follow such

pocess a special experiment has been performed. A pow-der sample which initially was a mixture of H72 and O71phases has been kept in humid atmosphere during 3 daysat room temperature. The humidity was maintained' 75 percent level in the closed half-�lled bottle by sat-urated solution of NaCl in distilled water. Therefore thepowder could easily interact with the water vapour inair.We have measured the 59Co NQR spectrum every10 hours of exposure powder sample to humid air, andresults are shown in Fig.4. There the NQR lines of the
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Fig.4. (Color online) NQR spectra of 59Co reect the evo-lution of the phase content of a powder sample versus thetime of its exposure to humid air (see text for details). Thesample was initially a mixture of O71 and H72 phases. Thephase composition evolves after 10 and 20 hours to O71 +unknown + H67 phases, while only the H67 phase remainsafter 30 hours of treatment. This demonstrates that Na isprogressively expelled from the NaxCoO2 sampleknown phases are marked by the vertical lines similar tothose in Fig.2. The H72 phase had almost disappearedafter the �rst 10 hours of treatment. At the same timeNQR lines in the spectrum corresponding to the H67phase appeared, as well as NQR lines of another phasewith intermediate sodium content between 0.71 and 0.67.This unknown and unstable phase persisted up to the20th hour of treatment. Also a signi�cant reduction ofthe O71 phase and clear increase of H67 phase contentwas observed in the 20th hours spectrum (Fig.2). After30 hours of the sample exposure to humid air the O71and H72 phases had almost disappeared and the only re-maining phase was the H67 one with slight backgroundof impurity phases. No signi�cant changes in the 59CoNQR spectra were detected during further treatment ofthe sample in humid air.However, from our experience it is known that keep-ing cobaltates powder in air for a long time leads to�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010



460 T.A.Platova, I. R.Mukhamedshin, A.V.Dooglav, H. Alloulthe destruction of H67 phase too. We had monitoredsuch process observing the slow decrease of the H67phase 59Co NQR signal intensity and the appearance ofa broad background signal from unknown phases { see70 hours spectrum in the Fig.2. After such long exposureof the sample to the humid air white powder, most likelyof sodium carbonates, appeared on the sample surface.Thus, the powder samples evolve rapidly at roomtemperature in contact with humid air. The evolutionprocess indicates a reduction of sodium content associ-ated with a loss of Na ions. This statement is in a verygood agreement with former work by Shu et al. [9] doneat even higher Na content. These authors have inves-tigated a single crystal Na0:88CoO2 and revealed a lossof sodium ions from the surface which were �xed in awhite powder appearing on the crystal surface. Appar-ently, the water and/or CO2 molecules react with Naions from surface with formation of sodium hydroxide(NaOH) and sodium carbonates. So to avoid as muchas possible the change of phase composition of the pow-der, we recommend to isolate cobaltates powders frominteraction with humid air and to try to block the di�u-sion of Na ions. In some sense, the best way to store thecobaltates powders is to keep them at low temperaturein hermetic ampoules with a small amount of heliumgas as a heat exchanger. This arrangement isolates thepowder from interaction with atmosphere and allows toperform experiments at low temperature.Conclusion. Low temperature NQR is a very pow-erful method to investigate the phase content of sodiumcobaltates. The four stable phases and an intermediateunstable one have been detected in the 0:67 � x � 0:75sodium range. The spectral lines of phases without mag-netic ordering are rather narrow and non-overlapping,and the spectra could be described fully by �nite set ofCo non-equivalent sites. All these factors point out theexistence of well de�ned orders in the Co and Na planes.These results are in good agreement with previous inves-tigations [10]. So far, only the structure of the H67 phasehas been determined [12], con�rmed by x-rays [11] andagrees with LDA computations [20]. The present NQRresults in combination with di�raction data should helpto clarify the structures of the other phases. This shouldshed some light on the origin of the Curie-Weiss suscep-tibility behavior of studied phases and magnetic orderingof x ' 0:75 phase.

We thank G.Collin and N.Blanchard for synthesiz-ing the samples and for fruitful discussions. This studywas partly supported by the RFBR under project #10-02-01005.1. M. L. Foo, Y. Wang, S. Watauchi et al., Phys. Rev. Lett.92, 247001 (2004).2. K. Takada, H. Sakurai, E. Takayama-Muromachi et al.,Nature (London) 422, 53 (2003).3. J. Wooldridge, D. McK Paul, G Balakrishnan, andM R Lees, J. Phys.: Condens. Matter 17, 70-7718(2005).4. N.B. Ivanova, S.G. Ovchinnikov, M.M. Korshunov etal., Phys Usp. 179, 837 (2009).5. C. Julien and G.A. Nazri, Solid State Batteries: Mate-rials Design and Optimization, Kluwer, Boston, 1994.6. I. Terasaki, Y. Sasago, and K. Uchinokura, PRB 56,R12685 (1997).7. H.D. Bhatt, R. Vedula, S. B. Desu, and G.C. Fralick,Thin Solid Films 350, 249 (1999).8. J-W. Moon, Y. Masuda, W. S. Seo, and K. Koumoto,Mater. Lett. 48, 225 (2001).9. G. J. Shu, Andrea Prodi, S. Y. Chu et al., Phys. Rev. B76, 184115 (2007).10. H. Alloul, I. R. Mukhamedshin, G. Collin, and N. Blan-chard, EPL 82, 17002 (2008).11. H. Alloul, I. R. Mukhamedshin, T.A. Platova, andA.V. Dooglav, EPL 85, 47006 (2009).12. T.A. Platova, I. R. Mukhamedshin, H. Alloul et al.,Phys. Rev. B 80, 224106 (2009).13. W.G. Clark, M.E. Hanson, F. Leoch, and P. Seg-ransan, Rev. Sci. Instrum. 66, 2453 (1995).14. A.P. Bussandri and M. J. Zuriaga, J. Magn. Reson. 131,224 (1998).15. I. R. Mukhamedshin, H. Alloul, G. Collin, and N. Blan-chard, Phys. Rev. Lett. 93, 167601 (2004).16. I. R. Mukhamedshin, H. Alloul, G. Collin, and N. Blan-chard, Phys. Rev. Lett. 94, 247602 (2005).17. P. Mendels, D. Bono, J. Bobro� et al., Phys. Rev. Lett.94, 136403 (2005).18. A.T. Boothroyd, R. Coldea, D.A. Tennant et al., Phys.Rev. Lett. 92, 197201 (2004).19. S. P. Bayrakci, I. Mirebeau, P. Bourges et al., Phys. Rev.Lett., 94, 157205 (2005).20. Y. S. Meng, Y. Hinuma, and G. Ceder, J. Chem. Phys.128, 104708 (2009).
�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 7 { 8 2010


