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Magnetic susceptibility study of hydrated and nonhydrated NgCoO,-yH,O single crystals
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We have measured the magnetic susceptibility of single crystal samples of nonhydra@odON#x
=0.75,0.67,0.5,0)3and hydrated NgC00,-yH,O (y=0,0.6,1.3. Our measurements reveal considerable
anisotropy between the susceptibilities witic and H|lab. The derived anisotropig-factor ratio (gap/dc)
decreases significantly as the composition is changed from the Curie-Weiss metakWiffb to the para-
magnetic metal withx=0.3. Fully hydrated NgCoO,-1.3H,0 samples have a larger susceptibility than
nonhydrated NgCoO, samples, as well as a higher degree of anisotropy. In addition, the fully hydrated
compound contains a small additional fraction of anisotropic localized spins.
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I. INTRODUCTION tal of Ng ,£00, grown under similar conditions as the

samples presented here indicates that the crystalline boule

The discovery of superconductivity below~4.5 K in X .
N 000, - 1.4H,0 has engendered much interest in the fam_conS|sts; of a single structural phdsg.crystal of Ng -CoO,

) was grown using the flux method. The crystal was obtained
ily of Na,Co0O,-yH,O compounds. The nonhydrated com- :
pound NaCoO, with x~0.65—0.75 has an anomalously from a melt prepared from powder mixtures of ;NaCoO,

large thermoelectric powérMeasurements in applied mag- g;ol\:g%;oﬁ'\éag?;t;éogfXi,hg/hhWas slowly cooled from

netic fields indicate that spin entropy pIaysé an important role A fully hydrated Na (CoO,- 1.3H,0 crystal was prepared

in the enhanced thermopower in NgCo0,.° Further work b 0Si hvdrated [ withi

has revealed that the NaoO, material crosses over from a y enclosing a nonny rated pigCoQ, crystal within ayvater

Curie-Weiss metal (x>0.5 to a paramagnetic metal vapor saturated environment fer4 months. After this pe-
-0 ted b .h d P di gl t0r=0.5% riod of hydration, the crystal consisted of a single phase with

(x<0.5), separated Dy a charge-ordered insuiator=a.. a c-axis lattice constant of 19.88)A and with a supercon-

Based on density-functional calculations, weak itinerant fer—g}

: . ducting transition temperature near4.2 K. Partially hy-
romagnetic fluctuations have been suggested to compete wi ated NgCo0,-0.6 HO samples and a fully dehydrated

weak antiferromagnetism for:0.3—_0.7‘? Much rece_nt re- Na,.<C00, sample were obtained by driving water out by
search has focused on understanding the mechanism for Sét'ﬁnealing at temperatures of 120 and 220°C, respectively
perconductivity in the new hydrated superconductor. Furthef r 15 h. Except for a small fraction of a g©4,impurity ’

progress can be made by examining the bulk properties hase ! :
; 4 : generated in the fully dehydrated crystal, the partially
Ng,C00,-yH,0 as a function ok andy in order to elucidate hydrated and fully dehydrated phases havaxis lattice

the intriguing physics found on the phase diagram. : :
In this paper, we present a systematic study of theconstants of 13.718) and 11.115)A, respectively, which

. e . are in agreement with previously reported values of
magnetic  susceptibility of N&o00,-yH,O (with x ) 9 S
~0.75,0.67,0.5,0.3 ang=~0,0.6,1.3 using single-crystal 1203C0C2* 0.6H0 and Ng;CoQ,” In principal, the fully

samples produced by an electrochemical deintercalatio%ehydrated(FD) phase should be identical to the original
method® Our results show that the susceptibilities of Ournonhydra’[ed phase. Powder x-ray diffraction results confirm

crystals are consistent with the behavior reported in powdetrhat the two phases share the same primary powder peaks;

samples prepared differently via chemical Bleintercala- however, the FD sample contains a somewhat higher degree
AMmpIES prep ntly 2 ... of defects which we will discuss further below.
tion. In addition, our studies reveal that the susceptibility is

clearly anisotropic. We further report how the susceptibility Measurements of the magnetic susceptibility were per-
changes as a function of both Na angCHcontent. formed using a Quantum Design MPMS-XL superconduct-

ing quantum interface device magnetometer. The typical size
of the crystals used in these measurements were3 4
X1 mm? with mass ~50 mg. These pieces were easily
cleaved from the larger floating-zone boule with the larger
Single crystals of Ng:CoO, were grown using the surface area corresponding to titeplane. We note the elec-
floating-zone technique. After an additional electrochemicatrochemical deintercalation process removes Na ions first
deintercalation procedure, samples were produced with thftom the surface of our crystals. Deintercalation from the
final Na concentrations 0f=0.75,0.67,0.5, and 0.3, as con- bulk subsequently occurs via Na diffusion. In principle, there
firmed by electron microprobe analysis. Details of the crystaktan be a concentration gradient of Na ions between the sur-
growth process, electrochemical deintercalation, and chara¢ace and bulk of deintercalated crystals. In order to minimize
terization of the resulting samples are discussed in depth ithis possibility, we deintercalate our samples in an electro-
Ref. 7. Powder neutron diffraction on a crushed single crysehemical cell for a long enough duration1 week at con-

Il. EXPERIMENT
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stant potential until the current decays to a constant back- 0.0015
ground level, indicating the samples are close to equilibrium. ;
Furthermore, the x-ray powder diffraction pattern of our
crushed crystals does not show broadened Bragg peaks ex-
pected if there were significant Na concentration gradients.
All data were measured under a magnetic field of 1 T
through both field cooled and zero-field cooled sequences.
Slightly hysteretic behavior was observed for tke0.75
sample near temperatures 22 and~320 K, consistent o7s 2
with previous observatiors!? The hysteresis at-320 K 0 e n—— et
originates from the structural transition observed in our
Nay 7<Co0, samples by neutron powder diffractirSince —_
the focus of this paper is not on the hysteretic behavior, all of
the data presented are based on the zero-field cooled results. 3
A background correction to the susceptibility has been made S )
on the crystals witkx=0.67 and 0.3. The source of this back- & (010005 | N
ground is likely due to a small amount of CoO impurities o
(about a 7% mass fractipnmbedded between the grain
boundaries of the particular starting boule of (N&00O,. O 900 ~""300 300400
The CoO correction was implemented as to minimize the T (K)
contribution from the antiferromagnetic transitiofilTy
the susceptibility as a powder sample of the saméx=0.75, 0.67, 0.5, and 0y &inder a magne_tlc field qf 1T. The red
stoichiometry. No correction was applied to the NaCoO, and qu_e symbols are fqr the magnetic field applied alongathe
and Na :CoO, crystals, where no anomaly @t~290 K js  2ndc directions, respectively.

found and the powder averaged data agrees with the data without assuming a specific temperature-dependenge of

from stoichiometric polycrystalline samples. We note, how-The measured susceptibility is composed of a temperature-

ever, there is a broad maximum near275 K for the independent contributioly, (which includes the Van Vieck

Nay 67C00;, crystal, which may be intrinsic, as this is also paramagnetism and the core diamagnetismnd a

reported by others temperature-dependent tenga(T) (which represents contri-
butions from either localized spins or the spin response of
delocalized electrons xap(T)=x22C+x3°%(T). We then

IIil. RESULTS AND ANALYSIS write the temperature-dependent term in the fo,(@ti’C(T)

A. Magnetic susceptibility of nonhydrated Na,CoO, =(Gano)*f(T), which assumes that the anisotropy of the spin
susceptibility x. results from an anisotropig-factor. Note
that theg-factor for localized spins is related to the spin-orbit
coupling, and the effectivg-factor for delocalized electrons
is related to the coupling between the applied field and the

tions. Curie-Weiss-like behavior is observed or 0.5, but . angular momentum of the system. This leads to the
samples withx<<0.5 show a monotonic increase pfwith following relation betweeny.,(T) and y.(T):
increasing temperature. Our results, when powder-averagec?, av e

agree with the published powder measurements on samples Xan(T) = (Gap/90)°Xe(T) + [X2° - (Ga/90) 2X5].
prepared using chemical Bdeintercalatiorf. For example,
the sample withk=0.5 shows anomalies in the susceptibility
at T~ 88 and~53 K, consistent with that reported by Feb
al.* Moreover, we find that the anomaly at 88 K is only 0.0012
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Our magnetic susceptibility data for NaoO, (x
=0.3,0.5,0.67, and 0.7%re shown in Fig. 1, where a mag-
netic field of 1 T was applied parallel to tla andc direc-

The main point of this analysis is that the fitted slope of the
data in Fig. 2 corresponds to the rati,/g.)?. This ratio is

apparent inyp. Na,Co0, x=067 y¥=075
These measurements on single crystals yield additonal —_ %% ]
information on the spin anisotropy for the various composi- é 0.0008 |- s ]
tions. In Fig. 2, plots ofy,, versusy. are shown for all e _ / L i
crystals for temperatures between 50 and 250 K, whieke S 00006 [¥=03 \ / VA |
an implicit parameter. The,,, versusy, curve shows a re- o 00004 | T C I a— 1
markably linear relationship for a. This linear relationship ’ x=05 8
holds both for samples with Curie-Weiss behavior-0.5) 0.0002 SN YO S donkir: T bl
and for samples with y increasing with increasing SR Se g auoRGe DR
X, (cm“/mole)

T (x<0.5), albeit with different magnitudes of the slope.

One way to parameterize this behavior for all of our FIG. 2. (Color onling yg, versusy, for NaCoO, with x=0.75,
samples is with the following analysis. This analysis allows0.67, 0.5, and 0.3. The inset shows the fitted slope which corre-
us to extract information from the slopes of the curves in Figsponds ta(g,,/g.)? as described in the text.
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TABLE |. Curie-Weiss fitting parameters for NaoG,.

x=0.75 x=0.7¢ x=0.67
lab Xo 0.000187 0.000268 0.000375
lab C 0.181 0.145 0.0677
lab [ -130 -103 -46.9
lc Xo 0.000326 0.000223 0.000358
lc C 0.0751 0.0665 0.0183
lc 6 -93 -64.5 -12.0
Powder Xo 0.000231 0.000267 0.000356
Powder C 0.147 0.112 0.0554
Powder 4 =125 -87.8 -46.9

8Flux grown.

plotted as a function of in the inset of Fig. 2. The sample The results of our fits to the Curie-Weiss law are summa-
with x=0.67 has the largest anisotropy gf,/g.~1.45, rized in Fig. 3. The Curie constant decreases precipitously
whereas the sample witk=0.3 is nearly isotropic. This be- with decreasing. This implies that while almost all of the
havior further highlights the unusual metallic state whichCo** spins are localized fok=0.75 (assuming the valug
exists in the phase diagram fgr>0.5. ~2.5 from abovg the fraction of localized spins drops

_ The samples withkx>0.5 can be further analyzed by fit- sharply as the Na content is reduced. Local moment behavior
ting the high-temperature susceptibility to a Curie-Weiss lawgisappears almost entirely fa=0.5. In parallel with the loss
X=Xo+C/(T-6). The fits were performed over the range uf |ocal moments, the magnitude of the Weiss temperature
T=50-250 K, and the fit parameters for both field orienta-qecreases drastically with decreasingrhe Weiss tempera-
tions, as well as the powder average, are shown in Table |, e of ahout ~125 K fox=0.75 suggests antiferromagnetic
For comparison purposes, results from data taken on a fluX gy correlations between Gbspins. There is a clear reduc-
grown crystal withx=0.7 is also shown. We find that the (%fn in the strength of the AF correlations asdecreases

results of the fits have a small dependence on the cho_lce wardsx=0.5. These results demonstrate that deintercalat-
the temperature range selected. Overall, however, the fits aepﬁ Na from N 00, modifies the spin svstem from one
pear to converge with an error less than 15%. Th 9 275000, pin Sy

temperature-independent value fgg agrees well with the described by localized spins to one described by delocalized

estimate of the orbital contributiofi~2x 1074 cn?/mol)  SPINS with weaker magnetic coupling. _
from Knight shift analysis oP°Co NMR 22 We find that the susceptibilities of the two samples with

The fitted values for the powder average of the singlex:0-3 and 0.5 are almost identicalithin the error$ above
crystal with x=0.75 vyield a Curie constant ofC 0.2

~0.147 K cn¥/mol, x,~ 2% 10 cm®/mol, and Weiss tem- Na CoO
peratured~-125 K. We have examined the validity of these X 2 [
may arise from an anisotropgefactor as discussed above. In

results for the single crystal sample by measuring five differ-
ent batches of powder NaCoO, samplegnot shown. All
0.05 [ +
addition, it is likely that part of the axial variation of re-
sults from spin anisotropy of the localized €anoment. 0 < : % ‘ :

©
i
(]
T

Curie constants fall reliably near 0.149+0.025 K%mol.
As expected, we find that the Curie constants Hfic and
H|ab are significantly different for the crystal sample. This

Curie Constant (K-cm®mole)
o

The effective moment of the Gbion can be calculated < o0t ]
from the powder averaged Curie constant. If we assume that 72' 10
the Curie-Weiss behavior originates from the formalxl— 2 U + ]
fraction of Cd* moments withS=1/2, then the effective @ 60} .
moment we=9{S(S+Dug=2.2 ug and g=2.5 for the g 80| ]
x=0.75 sample. This value for the powder averagddctor, 2 +
where g?=(2/3*g2,+1/3*g?), can be used to estimatg 8 1% Na coo 1
andg,, using our data fog,,(T)/ x(T). We obtain the values § -120 X 2 N

Oap=2.7 andg.=2.0. Alternatively, the value of the Curie 14
constant is consistent with an interpretation in which the ef-

fective local moment is-1.1 ug averaged over all of the Co

ions. In either interpretation, the coexistence of localized FIG. 3. (Color online Top panel: Curie constant vs Bottom
spins and metallic behavior in this compound remains amanel: the Weiss temperature xs Both are taken from powder
intriguing issue to understand. averaged values shown in Table I.

0 ! ! ! !
05 055 06 065 07 075 038
X
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FIG. 5. (Color onlin® yap Vs xc for Nay 3C00,-yH,O with y
=0, 0.6, and 1.3. The inset shows the fitted slope which corresponds
to (gap/00)? and Curie constant ratitC,,/C.) as described in the
text. The lines serve as guides for the eye.

0.0005

M/H (cm®mole)

crystal to a Curie law, we find that the Curie constant is
isotropic and corresponds to abot6% isolated C&' ions.
We can therefore identify this as an impurity contribution,
and this term has been subtracted from the data in the bottom
panel of Fig. 4. The Curie corrected susceptibility data for
this fully dehydrated Ng;CoO, crystal are very similar to
the data for the nonhydrated N# 0O, crystal shown in Fig.
‘ . ‘ K . 1 (which do not require this correctipnThere is a cusp in
0 50 100 150 200 250 300 350 the susceptibility neal ~42 K for both the fully hydrated
T(K) and partially hydrated crystal, which we will discuss further
below.

In Fig. 5, we ploty,, versusy,., which again has a re-
markably linear dependence. An anisotropic Curie-Weiss law
Xo+tC/(T-0) has been used to fit both directions. The com-
plete list of fit parameter&@bove 50 K is shown in Table II.
Both C,,/C. and(g,,/g.)? are plotted in the inset of Fig. 5.
We find that the ratidg,,/g.)? is greater than 1 for both the
fully hydrated and partially hydrated samples. This indicates

ronnycsted NCoo, sample cevelops smal anomales 11 paramagretc manents wich gue e o e Cure
nearT=53 and 88 K, after the crystal was stored in air for PIC, gy

more than 6 months. This suggests that some degree of '\ﬂ_{fecteq by_ the anisotrppi_c o_rbij[al environment. Hence this
. . agnetic signal likely is intrinsic to the crystalline phase.
phase separation may occur over long time scales. In o ; . S .
o . uch Curie-Weiss behavior is absent in the nonhydrated
Nay sCo0O, sample, the susceptibility cusp at=53 K is N2 C mole shown previously in Eig. 1. The Curi
nearly isotropic, whereas the one néa=88 K is clearly 3.5C00, sample sho previously g. L. 1he Lune
anisotropic. constant for the fully hydrated NaCoO,-1.3H,0 cr_ystal
(~0.0036 K cni/mol) suggests about1% of the spingS
=1/2 andg®~ 6.3) in the system are localized. These local-
ized spins may be related to defects formed during hydration
The magnetic susceptibilities of single crystal samples ofs a result of local structure deformation. However, their
Nay:C00,:yH,O (with y=0,0.6,1.3 are shown in Fig. 4. origin remains a topic for further investigation. Enhanced
These data were taken on a single sample which originallfCurie-like behavior has been reported in powder samples
had the composition NaCo0,-1.3H,0 and was subse- prepared with the chemical Bdeintercalation method by
quently annealed to reduce the water conteny+®.6 and  Sakurai and co-workerS.We note that the Curie behavior
then y=0. All three samples show nearly temperature-observed below 30 K in our samples has a similar degree of
independent susceptibilities with weak Curie-Weiss-like be-anisotropy as the high-temperature susceptibility. Hence this
havior developing below-200 K. As water is driven out, the behavior likely originates from defects intrinsic to the crys-
anisotropy of the susceptibility is reduced, and, at the samgalline phase.
time, the Curie behavior above 50 K becomes slightly en- Two major differences are made apparent by comparing
hanced. In addition, the fully dehydrated crystal is observedhe susceptibility data of the fully hydratedFH)
to have a small C®, impurity phase, likely caused by the Nag;:C00,-1.3H,0 and nonhydrated NaCoO, crystals dis-
dehydration process due to partial decomposition. By fittingplayed in Figs. 1 and 4. First, the FH sample has a larger
the susceptibility abov@=50 K for the fully dehydrated anisotropy. Second, the FH sample has a larger total suscep-

0.001

0.0005

M/H (cm®mole)

FIG. 4. (Color onling Magnetic susceptibilities of
Nay :C00,-yH,0 (y=0, 0.6, and 1.Bunder a magnetic field of 1 T.
The red and blue symbols are for field applied alongabhendc
directions, respectively. The third panel for ]N€00O, shows data
both before(lines) and after(symbolg a Curie tail was subtracted.

~100 K as shown in Fig. 1, similar to that reported previ-
ously in powder samplés.interestingly, we find that our

B. Magnetic susceptibility of Ng 3C00,-yH,0
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TABLE Il. Curie-Weiss fitting parameters for yaCo0O,-yH,0.

y=1.3 y=0.6 y=0

|ab Xo 0.000634 0.000472 0.000476
lab C 0.00474 0.0167 0.0385
lab [ 10.2 -20.6 -26.7

lc Xo 0.000334 0.000360 0.000383
lc C 0.00160 0.00954 0.0327
lc 0 21.2 -4.12 -20.4
Powder Xo 0.000533 0.000444 0.000441
Powder C 0.00363 0.0119 0.0380
Powder [ 14.0 -5.93 -27.6

tibility. The larger anisotropy likely results from the struc-  We note that this simple model neglects effects due to
tural changes of the CoO layers caused by the hydration. Thaybridization, which may be significaAt?? Recent local
higher susceptibility may result from a change j, or  density approximatiolLDA) calculations by Marianetti and
Xpauis @lthough we cannot separate these two contributionsoworkers! show that electrons in thgg orbitals are accom-
independently. We note that NMR measurements show thdtanied by a redistribution of the charge in the hybridiegd
the %°Co Knight shift is significantly enhanced upon a@nd oxygen orbitals. For our nonhydrated samples, the
hydration!2 consistent with our findings. If the susceptibility g-factor ratio decreases frorg,y/g;)=1.5 for x=0.67 to
increase is dominated by,,, a smallert,, splitting would ~ (Jan/9c) =1.0 forx=0.3. A possible explanation for this ob-
indicate a less distorted Cg@ctahedra. However, the neu- Sérvation may be found in the electronic structure calcula-

tron powder results of Lynet al. indicate that a fully hy-  tions of Leeet al?? They find that forx> 0.6 the doped holes

drated sample actually has a larger octahedral distortiofierég States, but further reduction eiresults in the popu-

compared with a nonhydrated oteOn the other hand, if ation of the EQ'"ke bands. Thus fomZOHS, a mludltirk:and h
Xpauli IS dominant, this implies that the fully hydrated samplep'cture may be more appropriate, and this would have the

has a higher density of states at the Fermi level consequence of decreasing the anisotropy. For our hydrated
' Nay ;C00,-yH,0 samples, thg-factor anisotropy increases

IV. DISCUSSION AND CONCLUSIONS with increasingy. In this case, the Na content remainsxat
=0.3. However, the octahedral distortion increases with
In the Cuprate Superconductors, itis genera”y found thabnd thlS may account for the |arger anisotropy.
g. is larger thang,,*>*®We find that NgCoG,- 1.3H,0 has We remark further on the 42 K anomaly observed in both
the opposite relatiofg,,/d.) > 1. A significant difference be- fully hydrated NgsC00,-1.3H,0 and partially hydrated
tween these families of materials is the orientation of theng, ,C00,-0.6H,0 crystals(shown previously in Fig. ¥
oxygen octahedra around the Cu and Co ions. IgCL&,  This anomaly is much weaker or absent in the fully dehy-
for example, the octahedral Cu-O axes are nearly paralleirated and nonhydrated p¢CoO, crystals. Hence we con-
with the tetragonal crystallographic axes. On the other handsjude that the anomaly results from the hydration process.
in Na,Co0,-yH,0, thez-axis of the crystal fieldin Co-O  However, it is not clear at this point if this reflects the intrin-
coordinatep is tilted away from the crystallographic sjc behavior of the hydrated sample, or if it originates from
c-direction by nearly~60°. In addition, the Copoctahedra an impurity phase. We note that the 42 K anomaly does not
are distortedcompressed along th@11) direction in Co-O  exist in fully hydrated powder samples, irrespective of
coordinatepfrom the ideal configuratioff:*’ chemical or electrochemical deintercalation. It is therefore
The g-tensor can be calculated frog),,=2(6,,~AA,,),  tempting to assign the 42 K anomaly to the existence of a
where N is the spin-orbit coupling constant and,,  Co,0, impurity, especially since the bulk AF transition tem-
=3, (0|L,JnXn[L,|0)/(En—Eg)."® In a simple ionic picture, perature of CgO, occurs around-33 K. However, hyster-
each C4" ion is in the low-spin state with an unpaired elec- etic behavior is observed near 42 (Kot shown, which is
tron in theayy orbital, higher in energy than thg; doublet  not expected from a GO, impurity phase. Sasaki and co-
by an amountA.'® In order to calculate thg-tensor with  workers have also reported a 42 K anomaly in hydrated
respect to the crystallographic axes, the orbital wave funcsingle crystal sampleS. They proposed that it originates
tions can be transformed from the original Co-O coordinatesrom residual oxygen on the surface of the crystal. However,
within the CoQ octahedra to the crystal coordinates in theif this is only a surface effect, powder samples should show
following way?° |a1g>:d322_rz, |E1g>:(\§2dxy+ dy)/ 3, and  a more pronounced 42 K anomaly under the same treatment.
|Ezg)=(—y2dy2-2+dy;)/ (3. Using this, we find thag,=2,  Unlike studies on KCoO, powder samples, where a
independent of the\/A ratio. This is consistent with our inclusion can be reliably subtracted from the total
estimate ofg. from the analysis of our susceptibility data. susceptibility>* we cannot completely eliminate the anomaly
The values fog, andg, would then be greater than 2 so long near 42 K with a simple subtraction of a £ (Ty~ 33 K)
as\ is negative. impurity phase.
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In summary, we have presented a systematic study of thigonal fraction of anisotropic localized spins. These results
magnetic  susceptibility of N&o00O,-yH,O (with provide a new piece to the picture of how the spin behavior
0.3<x<0.75 andy~0, 0.6, and 1.Busing single crystal evolves with changing Na content and water content.
samples. For nonhydrated samples, we find that the derived
anisotropicg-factor ratio(g,,/g.) decreases significantly as
the composition is changed from the Curie-Weiss metal with ACKOWLEDGMENTS
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