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Bulk antiferromagnetism in Nay gL00, single crystals
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Susceptibility, specific heat, and muon spin rotation measurements on high-quality single crystals of
Na, g4C00, have revealed bulk antiferromagnetism witheéNéemperatureély=19.8+0.1 K and an ordered
moment perpendicular to the CgQayers. The magnetic order encompasses nearly 100% of the crystal
volume. The susceptibility exhibits a broad peak around 30 K, characteristic of two-dimensional antiferromag-
netic fluctuations. The in-plane resistivity is metallic at high temperatures and exhibits a mininfym at
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Long-standing interest in the interplay between spiniin values ofa=2.843(1) A andc=10.687(5) A. The sus-
charge, and orbital degrees of freedom in cobalt oxides hageptibility, specific heat, and resistivity measurements were
@ncreased foIIowing the recent discovery of superconductivearried out in Quantum Design MPMS and PPMS systems.
ity at T;=4.6 K in the hydrated cobaltate BaCoO, Figure 1 shows the magnetic susceptibility measured in a
-1.3 K0 (Ref. 1. The triangular Co@ layers of NaCoO, 5 1 magnetic field oriented either along thexis or perpen-
are isostructural to those of gCo0,-1.3 HO (Refs.  yicyiar to it. Upon cooling, the anisotropy increases, and a
2-4). It may therefore serve as a reference system with rhroad peak develops around83 K. This is indicative of

spect to the effects of doping and magnetic correlations
Na,Co0, is metalli¢ and exhibits an unusual Hall effétgs
well as a very large thermopow&iThe thermopower in-
creases with increasing(Ref. 8, which in a local-moment
picture corresponds to a progressive dilution of magnetic
Cda** (S=1/2) with nonmagnetic o (S=0). Following
observations of a pronounced field dependence, a magnet
mechanism has been invoked to explain the IargeS
thermopowePf. It is therefore important to determine the
magnetic ground state and exchange parameters in this m
terial. We have taken an important step in this direction b)}
synthesizing high-quality single crystals of }&pO, with
x~0.8 and studying their resistivity, specific heat, and mag-  0.0020
netic susceptibility as a function of temperature.

Cylindrical single crystals of diameter 6 mm and length %
80 mm were grown in an optical floating-zone furnace. The £ 0.0015
initial polycrystalline material was prepared using a mixture S
of Na,CO; and CqO, with a Na:Co ratio of 0.8:1. The £
powders were calcined at 750 °C for 12 h and then reacted a~ o.0010
850 °C for a day with intermediate grindings. The mixture E‘
was pressed to form a cylinder and premelted prior to.5

growth. The molten zone was passed through the feed rocg. o.0005 [

under oxygen flow at a rate of 2 mm/h. Details will be pub- &
lished elsewher Pieces cut from two of the resulting crys- a

tals were analyzed by inductively coupled plasma atomic® g ggp0 ...

emission spectroscopy and atomic absorption spectroscop
The Na:Co ratios were found to be 0:8R.02 and 0.83

+0.02, respectively. The virtually identical compositions at-
test to good reproducibility of the crystal preparation. The,

short-range, Ising-type, quasi-two-dimensional antiferromag-
netic correlations. A sharp decrease of thaxis susceptibil-
ity around 20 K heralds an antiferromagnetic transition with
ordered moments along The inset in Fig. 1 shows that the
transition is sharp and only weakly affected by the field.
%urie tails, presumably due to paramagnetic impurities, are
uppressed in a 5 T field.

Mikami et al. observed an antiferromagnetic transition at
0 K in a single crystal witk=0.9 (Ref. 11). Na CoO, with

is sodium content crystallizes in tlephase, which differs
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FIG. 1. Magnetic susceptibility of Ngs 0O, measured on
cooling in a 5 T magnetic field oriented alofgpen symbolsand

Neel temperatures of both samples were also identicalyerpendicular tdclosed symbolsthe ¢ axis. The molar susceptibil-
within experimental error. Single-crystal and powder X-rayjty, measured in other samples from the same ingot is smaller, dif-
diffraction reveal the nearly purg crystallographic phase fering by up to 0.0006 emu/mol. The variation as a function of
with space grouf?6;/mmg in good agreement with Refs. 2 temperature is closer to a constant offset than to a scale factor. The
and 4 and with Raman-scattering experiméfitShe lattice antiferromagnetic transition occurs at the same temperature in all
parameters were determined by single-crystal x-ray diffracsamples measured. Inset: Low-temperature susceptibility aidamg

tion along ,h,0) and (0,d,) at room temperature, resulting different applied fields.
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magnetic-susceptibility measurements. The specific heat at
low temperatures contains a contribution linear in tempera-
ture which is revealed in @ /T= y+ BT? plot (inset in Fig.

2). It is slightly sample dependent and amounts td®.4nd
10.4(4) mJ/mol R for the two measured crystals. We as-
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i cribe it to the Sommerfeld term from the conduction elec-
trons. If the cubic ternp is attributed to the contribution of
o [ acoustic phonons alori@noring possible contributions from
¢ s 100 150 200 magnong, it corresponds to a Debye temperature of
N 1 L T |(K ) " "’420 K
0 .
0 10 20 30 40 1SR experiments were performed using the GPS setup at
T(K) the mm3 beam line at the Paul-Scherrer-InstityeS) in

Villigen, Switzerland, which provides 100% spin-polarized

FIG. 2. Specific heat of a NaLoO, crystal. Inset: Low- muons. TheuSR technique is especially suited for the inves-

temperature specific heat inGp /T=y+ BT plot. tigation of magnetic materials with small magnetic moments.
In particular, it allows one to study the homogeneity of the

from the y phase in the stacking pattern of the Go@yers>  magnetic state on a microscopic scale, and also to access its
The coordination of the sodium ions is correspondingly dif-volume fraction. The accessible time scale is 8010 ¥°s.
ferent. That the antiferromagnetic transition occurs at théDetails about thexSR technique can be found in Ref. 13.
same temperature in both phases suggests that the details ofFigure 3a) shows SR spectra obtained in a zero-field
the three-dimensional arrangement of the Gd&yers have configuration. The total asymmetry of the polarization func-
little influence on the magnetic behavior, and that this behavtion was normalized using a measurement done in a weak
ior is determined by the two-dimensional layers themselvestransverse field of 100 Oe at 50 K, with the sample in the

In magnetic susceptibility measurements @gnphase paramagnetic state. Spectra at 7.5 K for two different orien-
Na,Co0, powder samples witkk=0.75, Motohashiet al.  tations of the muon spin polarization with respect to the crys-
observed hysteresis between zero-field-cooled and fieldallographicc axis are shown. It is evident that the spectra
cooled sweeps below 22 KRef. 19. This hysteresis in- contain several oscillating components, which means that the
creased with decreasing temperature; the maximal concominuons experience several well-defined local magnetic fields.
tant spontaneous magnetization was roughly“uQ; /Ca** We analyzed the spectra at 7.5 K using a relaxation function
site at 2 K. In contrast, we observe a much smaller hysteresisf the form
which develops below~-250 K and increases slowly with
decreasing temperature. However, this hysterdsiseases
rapidly as the temperature drops beldy, and at 4.5 K is
smaller than our measurement uncertainty. At its maximum,
the hysteresis in our measured magnetization is roughly twé good description was obtained using a sum of three oscil-
orders of magnitude smaller than that measured by Motolatory terms with frequencies and relaxation rataes low
hashiet al. It is possible that the larger hysteresis which thetemperaturg of »v,=1.25, 2.6, and 3.2 MHz ana =0.8,
authors report was the result of defects in the powdef.2, and 2.&s !, plus one nonoscillatory term with a very
samples or uncompensated spins at grain boundaries. small relaxation rate ok =0.02 us !, which accounts for

A broad hump in the susceptibility is evident at aroundthe component of the muon spin parallel to the internal fields
285+ 5 K for all sample orientations and at all applied mag-[lines in Fig. 3a)]. The amplitudesA; of the oscillating
netic fields. This temperature corresponds roughly to the ononoscillating components are proportional to %in
set of the low-temperature splitting of a phonon mode at (cos®), where® is the angle between the initial muon spin
~550 ¢!, as observed in IR conductivity measurementsdirection and the local magnetic field at the muon ita.
(not shown. This suggests that this feature in the suscepti-detailed analysis of the angular dependence will be reported
bility arises from a structural phase transition intrinsic toin a forthcoming publication. We note here only that the
Nay gC00,, rather than from an impurity phase such as CoOamplitudes of the components with,=1.25, 2.6, and 3.2
(an antiferromagnet witi' =292 K). This interpretation is MHz have a ratio close to 3:2:1 and account for the i8R
consistent with our muon spin rotationuR) measure- asymmetry, which means that essentially all of the muons
ments, which exhibit no traces of Co®ee below. The ori-  experience a finite and well-defined local magnetic field. In
gin of the structural transition remains to be determined. other words, the static magnetic order beldy=19.8 K

The specific heaCp also exhibits a sharp anomaly at involves the entire sample volume. This conclusion is sup-
19.8+ 0.1 K, which indicates the onset of long-range antifer-ported by the very small nonoscillatory component in the
romagnetic orderingFig. 2). The entropy contained in this spectrum a® =60°, as well as by our weak-transverse-field
anomaly amounts to 0.0B J/molK and corresponds to measurementgnot shown herg in which the oscillatory
about 10% of the entropy of the €ospin-1/2 system. There component corresponding to the applied magnetic field of
is a slight excess heat capacity aboMg, extending up to H®*'=100 Oe vanishes beloWy . The »SR data also estab-
~35 K. These observations are consistent with the shortlish that the magnetic order disappears rapidly abdye
range magnetic fluctuations abovEy visible in the =19.8 K. The spectrum at 25 K is already well described by

P(t)=P(0) >, Aicog 27!, t)exp(—\'t). (1)
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time (ps) relative amplitudes are different from those observed in our
crystals, so that, for instance, the largest contribution comes
from the highest-frequency mode. In their single-crystal
sample, they observe only one frequency, though there is
some evidence for the existence of at least one additional
frequency:*

This leaves us with the important question of whether the
different local magnetic fields are a consequence of different
crystallographic muon stopping sites, or whether they should
be interpreted in terms of different magnetic environments.
The latter may be caused by commensurate magnetic order
with a large unit cell, but could also arise from a macroscopi-
cally inhomogeneous magnetic state. As noted by Sugiyama
et al, the local fields experienced by the muons in different
crystallographic muon sites should be principally of dipolar
origin. Potential muon stopping sites are close to the oxygen
a) ions and near N4) or Na2) vacancies. We performed a
050 , . . calculation of the dipolar fields for the case of Co moments

' , , directed along the axis and exhibitingA-type antiferromag-
TeElal ] netic order. We find that the magnetic fields near thé¢lNa
and the N&) vacancies are vanishingly small. We therefore

e -a suggest that the muons are located primarily near the oxygen
2] @ | ions, forming a myoxyl bond as that seen in other oxide
ey compounds, such as the higle- cuprate superconductols.
Assuming an ordered moment of @8, we obtain a local
magnetic field of about 2 MHz at the oxygen site.

The three different muon spin-precession frequencies ob-
served in the experiment could be due to the presence of a
structural minority phase with a monoclinic distortion, as
discussed in Ref. 2. However, if a minority phase were
present in our sample, its’Metemperature would have to be
very similar to that of the majority phase. This conclusion is
. ) . based on the temperature dependence of the local magnetic
im 'T;C;t'ez' i(r?)aTlr:lne dipengrer;f; ?r]: tzh;;?i'gl dp?ilﬁa}r;z?téoa O(]:)r?:onsfields, yvhich is s_h_own ir_1 F_ig.(B). It is evident that a!l three

P 8eLC00, crysta : L local fields exhibit a similarT dependence and disappear
the angle subtended by the initial spin polarization and the crystal- b th tic t iti £ 19.8 K evident in th i
lographicc axis. The lines are the results of fits described in thed00VE the magnetic transition & ’ evident in the mag
text. (b) Temperature dependence of R frequencies extracted netization and the specific-heat data. In this context, it is also
from theP(t) spectrdpanel(a)]. The dashed lines are guides to the |mportant to note that the absence of a fast-relaxing compo-
eye. nentin the spectrum at 25 K proves that the sample does not

contain a significant amount of the most common magnetic
a so-called Kubo-Toyabe function with a small relaxationimpurities, such as GO, (Ty=33 K) or CoO.
rate of 0.17us™ %, which can be accounted for by the inter- It is also possible that the three frequencies reflect a com-
nal fields due to the Co nuclear magnetic moments. mensurate spin order in which the same local field is re-

Evidence for antiferromagnetic ordering in }&nO, was
obtained in a previousuSR study by Sugiyamat all*
While the Nesl temperatures we find are in good agreement
with these data, there are other substantial differences be-
tween our results. First, they obtained much smaller volume
fractions of the magnetically ordered phasdout 20% in
their polycrystalline Ng,CoO, sample and 50% in their
Nay dCo0O, single crystgl This suggests that their samples
might have been less homogeneous, possibly due to an inho-
mogeneous Na content. Intercalation of water may also con- | AP
stitute an important difference. This is known to occur rather . . T
rapidly under moist conditions, especially for powder 0 100 200 300
samples. Second, the magnitude and number of the deduced T(K)
muon spin-precession frequencies are rather different. In
their polycrystalline samples, they also observe three muon FIG. 4. In-plane resistivity of NgC00,. Insets: Low-
frequencies, at about 3.3, 2.6, and 2.1 MHz. However, theitemperature resistivity and its temperature derivative.
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peated in every third crystallographic unit cell. However, ourbehavior expected if a spin-density wave opens a small gap
data do not support an interpretation in terms of an incomat the Fermi surface. Mikangt al. observe a similar upturn
mensurate magnetic ordérwhich should give rise to much in resistivity measurements on taephase(with x=0.90) 1
larger depolarization rates and to a different form of the re- |n conclusion, we have observed an antiferromagnetic
laxation function. We have tried fitting with Bessel functions, state with Nel temperatur&y=19.8+0.1 K and an ordered
but could not obtain a reasonable fit. Sinc8R data provide  moment perpendicular to the Co@yers. The susceptibility
only local information, it is not straightforward to deduce eypibits a broad peak around 30 K, characteristic of two-
further information cqncerning _the magn_etic Ofde”r_‘g Pal-gimensional antiferromagnetic fluctuationsSR measure-
tern. Neutron-scattering experiments will be required tOments confirm that the static magnetic order encompasses
settle this important issue. e nearly 100% of the volume. The in-plane resistivity shows a
Figure 4 shows the in-plane resistivity measured on gninimum around the magnetic phase transition. Our findings
rectangular crystal (43x0.6 mn?) with a four-point ac  4re consistent with an intrinsic, commensurate antiferromag-

technique ¢=119 Hz). The resistivity is frequency inde- peic spin-density wave transition at 19.8 K, and are incom-
pendent between 19 and 1000 Hz and exhibits metallic Cha’batible with incommensurate magnetic order.

acter for T>Ty, with a residual-resistivity ratio
p(300 K)/p(4.2 K)~20. The temperature derivative of the = We acknowledge the technical support of A. Amato at the
resistivity changes sign &ty (insets in Fig. 4 This is the PSI and of E. Braher and G. Siegle at the MPI.
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