PHYSICAL REVIEW B 67, 214420 (2003

Static magnetic order in N&, 7,C00, detected by muon spin rotation and relaxation
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The nature of the magnetic transition of the Na-rich thermoelectrig,il@O, at 22 K was studied by
positive muon-spin-rotation and relaxatiop {SR) spectroscopy, using a polycrystalline sample in the tem-
perature range between 300 and 2.5 K. Zero-figlBR measurements indicated the existence of a static
internal magnetic field at temperatures below 22=KT{,,). The observed muon-spin precession signal below
T, consisted of three components with different precession frequencies, corresponding to three inequivalent
u” sites in the Ng,<CoG, lattice. The total volume fraction of the three components was estimate® 4%
at 2.5 K; thus, this magnetic transition was not induced by impurities but is an intrinsic change in the
magnetism of the sample, although the sample was magnetically inhomogeneous otherwise. On the other hand,
a similar experiment on a NgCo0, sample exhibited no magnetic transition down to 2.5 K; which indicates
that the average valence of the Co ions is responsible for inducing the magnetic transition at 22 K.
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[. INTRODUCTION the magnetic interaction betweed 8lectrons which induces
the magnetic transition.
The layered cobaltite, NE0O, with x~0.5,1"3is known The measurements on heat capa@tyand spontaneous

to exhibit metallic conductivityc and an extraordinarily magnetization suggested that only a very small fractiess
large Seebeck coefficiers (above + 100 nV/K at 300 K)  than 1% of the Ng 7:C0o0O, sample changed to the magnetic
simultaneously, probably due to a strong correlation betweephase even at 2 K although the sample was confirmed to
the 3d electrons of the Co ior5The crystal structure of be single phase by powder x-ray diffraction analysis at am-
Na,Co0, with 0.5 <x=<0.75 was reported to be a bronze- bient temperature, leaving open the possibility that the mag-
type hexagonal system of space grol6;/mmc (a  netic transition is due to an undetected impurity phase. How-
=0.2833 nm anct=1.082 nm forx=0.71) ® In this struc- ever, such small impurity phase is unlikely to induce the
ture, the single Co@sheets and the single disordered Naobserved change in the transport properties belby.
planes form alternating stacks along the hexagoreatis. Therefore, to investigate the magnetism of ,8a0, in

The CoQ sheets, in which a two-dimensional-triangular greater detail, we have measured both weaklQ0 Oe)
lattice of Co ions is formed by a network of edge-sharingtransverse-field positive muon-spin rotation and relaxation
CoQ; octahedra, are believed to be the conduction planesWTF-x"SR) and zero-fieldZF-) "SR spectra in both
This is because the CgQ@heet is a common structural com- Ny 7Co0, and Ng ¢C00, at temperatures below 300 K.
ponent for all known thermoelectric layered cobaltites, i.e.,The former method is sensitive to local magnetic order
Na,Co0,, CaC0;0,,°7® and B,SK,C0,0,.° M Moreover, the shift of thew™ spin precession frequency and the en-
if the interaction between @& electrons plays a significant hancedu ™ spin relaxation, while ZR:" SR is sensitive to
role on their transport properties, such interaction should alseveak local magneti¢disjorder in samples exhibiting quasi-
affect the magnetism of these cobaltites. static paramagnetic moments.

Recently, Motohashét al. studied the bulk susceptibility
of polycrystalline Ng-:Co0O, and reported the existence of a
magnetic transition at 22 K<T,,) accompanying the in-
crease in the slope of the resistivity-Vseurve and the ap- Samples of Ng;:Co0, and Ng ¢C00, were synthesized
pearance of the large positive magnetoresistance effect. Nmy a modified solid state reaction technique, i.e., a “rapid
transitions were found in NgCoO, down to 2 K2 Inter-  heat-up” technique, which was developed by Motohashi
estingly, botho and S of Na,-:CoO, were significantly et al® to control the Na content precisely, using reagent-
larger than those of N@<C00,.** In other words, the ther- grade NaCO; and CaO, powders as starting materials. The
moelectric properties of N&€0oO, seem to be enhanced by mixed powder was placed into the furnace, which was pre-

Il. EXPERIMENTAL
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FIG. 1. The temperature dependencesabfAr and(b) \ ¢ for 10K
Nay 74C00, and Na C00,. The data were obtained from fits of
the wTFu* SR time spectra using El). 0.08 -
heated at 750 °C, and fired for 12 h. The fired powder was 0.06
thoroughly ground and pressed into a plate of 10 mm length, ) 7
15 mm width, and 3 mm thickness, and then the plate was 25K
sintered at 900 °C for 12 h. 0.04
Powder x-ray diffraction studies indicated that the 0 5
samples were single phase of a hexagonal structure of space TIME (us)
groupP63;/mmg i.e., y-Na,CoO, phase. The lattice param- _ .
eters of the Ng;£C00, sample were calculated as FIG. 2. The ZFu "SR time spectra of Ng<CoO, obtained at

=0.2828 nm andc=1.0884 nm, and for Ng«C00,, a 30_, 20, 10, and 2.5 K; the solid lines represent the results of fitting
=0.2826 nm anct=1.0926 nm. The preparation and char- Using Eq.(2).
acterization of the samples were reported in detail
elsewheré?!® The 1" SR experiments were performed on roughly proportional to the volume of paramagnetic phases
the M20 surface muon beam line at TRIUMF. The experi- in the sample, the volume fractidry of the magnetic phase
mental setup and techniques were described elsewhere. at the lowest temperature measured is estimated to be
~14%.
IIl. RESULTS In order to investigate the magnetism inN&CoO, be-
low 22 K in greater detail, ZR+" SR measurements were
The wTFx "SR spectra for both samples were fitted in carried out at 30, 25, 22, 15, 10, and 2.5 K. The resulting
the time domain with an exponentially dampé@laxing  time spectra, displayed in Fig. 2, show a clear oscillation due

precessing signal: to quasistatic, microscopic, internal fields at temperatures be-
et low T,,.
AoP(t)=Aree TP COd 0, t+ &), 1) Figure 3 shows the Fourier transform of the ZFSR

where A, is the initial asymmetryP(t) is the muon-spin time spectrum at 2.5 K. There are one main peak at 3.3 MHz

polarization functionw,, is the muon Larmor frequencys

is the initial phase of the precession, akg and\ ¢ are the 2 4F T ' ' ' o
asymmetry and exponential relaxation rate. 5 Na; 75C00,

Figures 1a) and Xb) show the temperature dependences g 3t zFusSR 4
of Arg and A+ for Nao_75CoC)2 and Ng gC00,. Below 300 g 25K
K, At for Nay 75C00, is almost constant~0.21) down to E 2t .
50 K, then Aqp decreases further at loweF, and A o
=0.018 at 2.5 K, whileA for Nay ¢C00, is nearly inde- o1 .
pendent ofT down to 2.5 K. On the other hanil;¢ for both 'éi
samples increases slightly with decreasingue to the effect > 0= > 3 y s
of the nuclear magnetic moments in the paramagnetic state. @

el FREQUENCY (MHz)
A marked decrease i is observed below 50 K only for

Na; 7:C00,. These results clearly indicate that NaCoO, FIG. 3. Fourier transform of the Zf-* SR time spectrum from
undergoes a magnetic transition below 50 K. Sidge is  Fig. 2 at 2.5 K.

214420-2



STATIC MAGNETIC ORDER IN Ng €00, . .. PHYSICAL REVIEW B 67, 214420 (2003

and two minor peaks at 2.6 and 2.1 MHz; and the main peak 1 ENag 75000 ; 3
. . . : 0.75 2
corresponds to the oscillation in Fig. 2. F ZF-uSR 8 Ad]
Indeed, the ZF« ™ SR time spectra were best fitted with a £ 01k & L; " @ A
combination of three exponential relaxation functidifier < : o Ay
the signals due to a clear static magnetic fieldd a Gauss- 2—0_01 L oo hd A Ag]
ian Kubo-Toyabe functior{for the signal from muon sites E o (@) E
experiencing disordered magnetic figtds 0.001 [® i .
-t KT 30 T
AoP(t)=A.e "T'cod w, 1t + <;5)+AKTGZz (t,A) I + o)
< 20f 0 .
+Ae M'cogw, ot + p) 2\1 i
> 10 .
+Aze Ms'cogw, ot + @), 2 A
whereA, is the empirical maximum experimental muon de- 185 . ' ;
cay asymmetryA; and\; (i=1, 2 and 3 are the asymme- - F e A H
tries and exponential relaxation rates associated with the 8 1L @ ° 8. o }J;
three oscillating signal#\xr is the asymmetry of the Gauss- 2 E 2f
ian Kubo-Toyabe signal, antl is the static width of the local Soal " T A Af
frequencies at the disordered sites, and <~ FE° ©
I A
©,1,1 =270, = Y, Hin (3) 0.01 —
(where y,, is muon gyromagnetic ratids the muon preces- 3' ' ) ® v,
. . .. . — - ® g
sion frequency in the characteristic local magnetic flelg ; I o o °
due to the static magnetic field. =S 2 4 i Q =
The static Gaussian Kubo-Toyabe function is 3 § 4 Vug
1 2 [ * )
GiI(1,4)= 5+ 5(1-A%%)e 402 (@) S N
3 30 . . T :
Figures 4a—9 show the temperature dependencesapf g -
A; andAyr, (b) the volume fraction of the three exponential a 0_—.—+ ¢ oo oo
relaxation signals \(g), (©) A;, (d) »,;, and (&) ¢ in = | . ® @
Nay -:C00,. The volume fractiorVy was calculated as; L T — T 30
n TEMPERATURE (K)
2’ Ai FIG. 4. Temperature dependencesafA; andAr, (b) Vg, (0)
V= (5 i, (d) v,;, and(e) ¢ for the Na ,4C00, sample. The data were
2 A +Agr obtained by fitting the ZR+* SR time spectra to Ed2).

down to 2.5 K. Sinc&/r=21% at 2.5 K, it is concluded that

Below 22 K, A; and Akt have finite values and botA;  this transition is not induced by impurity phases but is an
(main componentand At are almost constant at tempera- intrinsic behavior of the Ng,:CoO, sample. Moreover, this
tures belowT,,,. The magnitude oA, is larger than those of suggests that the ordered phase is responsible for the change
A, andA; by one order of magnitude, as expected from thein the transport properties beloWy,.
Fourier-transform spectrurfsee Fig. 3. However, the ratio The internal magnetic fields of the three signals, i,
betweenAy; and A; is ~4.5 at 2.5 K; this indicates that with i=1, 2, and 3, exhibit a similar temperature depen-
~ 80% muons in the sample experience a disordered magience. That is, a3 decreases, each, ; increases, with a
netic field. Since the magnetic properties of,8a0, are  decreasing slopév,, ;d/dT, and level off to a constant value
highly sensitive t, a slight reduction irx makes the sample below 5 K. Here, |t is worth noting that the, ;-vs-T curve
nonmagnetic in the whole range of temperatifindeed, the  indicates the change in an order parameter of the transition.
WTF-u " SR experiment on the Na-poor sample oB00;, Thus, the moderate temperature dependenag, ¢fjust be-
exhibited no magnetic ordering down to 2.5(&ee Fig. 1L low T, suggests that the transition is likely to be discontinu-
Thus, the Ng.sCoO, sample, although structurally single ous, wherea€,(T) supported a continuous transition.
phase, is found to be partially nonmagnetic, i.e., magneti- The values of¢ range between 3.5 and -16 degrésse
cally inhomogeneous, probably because of a low local N&ig. 4(e)]. This fact, i.e.,¢~0, indicates that the ordered
concentration. phase is a either a usual ferromagnet, an antiferromagnet, a

The V-vs-T curve is also fairly flat ¢20%) belowT,,, ferrimagnet, or a commensurateC) spin-density wave
similarly to theA;-vs-T curve. This indicates that 20% of  (SDW) state but not an incommensurdt€) SDW state, as
the sample exhibits the transition to the ordered phase at 2®und, for example, for G&0,0,*° and the Zn and Si doped
K, and the volume of the ordered phase does not changguGeQ system:®
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TABLE I. Structural parameters for NaCoO, with a  system, exhibits two magnetic transitions below 306°K;
=0.2840 nm andt=1.0811 nm(Ref. 17. g means the occupancy one is a transition to an IC-SDW state at30 K and the
of the site. other to a ferrimagnetic state at 19 K. The IC-SDW is con-
sidered to be induced by ordering of the Co moments in the

Atom Site 9 X y z [Co0O,] subsystem, whereas the ferrimagnetic ordering is re-
Na(1) 2b 0.23 0 0 1/4 ported to be (_:aused by the interlayer coupling betwgel%n the
Na(2) 2d 0.51 213 13 14 Co moments in th@gooz] an.d[.CaQCoOﬂ subsystem&®

Co 23 10 0 0 1/2 Therefore, there is a possibility that NaCoO, below T,

0 a 10 13 2/3 0.0913 enters either a ferrimagnet or a commensurate SDW state,

because such magnetic ordering would decrease the bulk
magnetization drastically. In the former case, the Co mo-
IV. DISCUSSION ments are likely to align ferromagnetically in the CoO
) ] ) ) sheets but antiferromagnetically along thexis. In order to

The three exponential relaxation signals and their-vs-  jnyestigate the magnetism of N2oO, in further detail, not
T curves suggest that there are three inequivalent miCrGsnly .+ SR but also neutron diffraction arfCo-NMR mea-

scopically orderedk” sites in the Ng7sCo0, sample. The  gyrements are necessary for single crystals with vartous
possiblew™ sites are bound to the oxygen ions in the GoO

sheetqthe O sit¢ and the two vacant sites in the Na planes,

namely, the NéL) and N42) sites(see Table '’ The bond V. SUMMARY

length d of Co-O, Co-N4l), and Co-N&) are 0.1914,  \we measured positive muon-spin-rotation and relaxation
9.2703, a_nd 0.316_13nmhg(el?pecnvelkllé(zs)mce the dipolar field , *SR) spectra in a polycrystalline §aCoO, sample be-

is proportional tod ™~ °, Hjy"*, andH;j"“’ should be rather |ow 300 K. At temperatures below 22 K=(T,,), zero-field

small compared witlH{;. This is inconsistent with the ex- ,* SR spectra exhibited clear oscillations due to static inter-

perimental result; that is,d¢o- na2y/dco-0)3~0.22, while  nal magnetic fields, although the volume fraction of the mag-
v,3lv,1~0.67 at 2.5 K[see Fig. 4d)]. Thus, positiveu * netically ordered phase was onty21% at 2.5 K. Further-
are unlikely to be located at the vacant Na sites but near theore, the Co moment estimated by the presgritSR
O site. The width of the Fast-Fourier transform and the reexperiment was-100 times larger than that estimated from
laxation of the oscillating signals suggest that the field at thehe magnetization measurement. This suggested that the or-
O site is inhomogeneously broadened probably due to variadered phase is in either a ferrimagnet or a commensurate
tions in the bond lengtllc, o caused by the excess Na in spin-density wave state. In addition, a large fraction of the
the Na planes. muons, given byAy (KT background was found to expe-
The transition is obviously induced by the ordering of therience a broad distribution of fields, perhaps reflecting the
Co spins in the Co®sheets. If we assume that the muonsdisorder due to the excess Na.
experiencing the ordered field are bound to oxygen, then we
can estimate the ordered Co moment-a®.18ug at 2.5 K,
using v, 1=3.3 MHz andd¢, o=0.1914 nm. Considering
the number of the nearest-neighboring Co ions for the O site  We would like to thank Dr. S. R. Kreitzman, Dr. B. Hitti,
(=3) and the small volume fraction of the magnetic phaseand Dr. D. J. Arseneau of TRIUMF for their help with the
(~21%), this value is still 100 times larger than that esti- " SR experiment. Also, we appreciate Dr. T. Tani and Dr. R.
mated by the magnetization measurementXi@ *ug at2  Asahi of Toyota Central R&D Labs., Inc. for fruitful discus-
K).12 Such large discrepancy is difficult to explain basedsions. This work was partially supported by the Canadian
only on the present results. Institute for Advanced Research, the Natural Sciences and
The related compound, ga0,0,, i.e., Engineering Research Council of Canada, é&hdugh TRI-
[CaCo00;]72] CoO,] where RS denotes a rocksalt-type sub-UMF) the National Research Council of Canada.
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