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Single-crystal growth and investigation of NgCoO, and Na,Co0O,-yH,O
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A systematic study of N&€o0O, (x=0.50-0.90 and NgCo0,-yH(D),0 (x=0.26—0.42,y=1.3) has been
performed to determine phase stability and the effect of hydration on the structural and superconducting
properties of this system. We show that a careful control of the Na deintercalation process and hydration
dynamics is possible in single crystals of this system. Furthermore, we give experimental evidence that the
dependence of the superconducting transition temperature on Na content is much weaker than reported earlier.
Implications of this effect for the understanding of the superconducting phase diagram are discussed.
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I. INTRODUCTION interpreting the structure and the electrical and superconduct-

The recently discovered superconductor,Ga0,-yH,0 ing properties_ as function _of composi_tion, i.e., establishing a
has attracted considerable attention as being the first supeiuperconducting phase diagram. This problem may be cir-
conducting cobaltite, and as evidence that important eleccumvented by the use of high quality single crystals whose
tronic correlations existlts superconducting transition tem- chemical composition and crystal structure can be properly
perature of maximumT,~5 K exhibits a composition determined.
dependence, decreasing for both underdoped and overdopedWhen growing NgCoG, single crystals, considerable dif-
materials, as observed in the cuprates. This suggests thaffiaulties appear on account of the high @avapor pressure,
detailed characterization of the electronic and magnetic bewhich increases exponentially from P0to 1073 Torr with
havior of this new type of materials and their interplay with heating to temperatures between 500 and 800°C, followed
structural peculiarities may contribute to a more fundamentapy a noticeable evaporation. Therefore ceramic powders
understanding of the higl, superconductivity in cuprates, were synthesized using additional J&aO; for compensa-
such as the layered crystal structéremagnetic tion of the Na loss during heatifg' or a “rapid heat-up”
susceptibility3# electronic anisotrop¥,irreversibility lines, — techniqué? to avoid the formation of a nonstoichiometric
and superconducting parametarg, He,. compound. Solution growth by using NaCl fidxwas per-

The physical properties are determined by the amount oformed that unfortunately lead only to thin crystals
sodium and water in N&0O,-yH,O via their influence on (<0.03 mm) or nonstoichiometric and possibly contami-
the Co valence state and the resulting local distortions of theated samples. To obtain the superconducting phase the crys-
CoQ; octahedra present in the structure. The compoundial must be hydrated by chemical oxidatibihe compound
Na,CoO, shows manifestations of frustration in its physical can be partially decomposed during the oxidation process,
properties because Co occupies a triangular lattice and tHeading to highly defective crystals containing Na-poor
exchange interactions are antiferromagngfid@he close re- phases.
lationship between structural and electronic properties estab- In this contribution we present a single crystal growth
lishes itself also on the Fermi surface that is expected tanethod to prepare large and high quality single crystals and
show features of strong nestifi§.Furthermore, there exists demonstrate their chemical, thermal, and structural behavior
evidence that superconductivity might have an unconvenand electric properties under dry and humid conditions.
tional order parametérWhen water is introduced into the
compound, it exhibits chemical and structural instabilities.

The Nd ions are at least partially mobile at elevated tem- Il. EXPERIMENT

peratures and may order at low temperatures in dependence

of composition and sample treatment. The same is proposed Single crystals were grown in an optical floating zone
for the Cd*/Co** charge state on the triangular lattie. furnace (Crystal System Incorporation, Japarmwith 4

All of these features make the study of the physical andX 300 W halogen lamps installed as infrared radiation
chemical properties of the compounds difficult. However,sources. Starting feed and seed materials were prepared from
nearly all the studies reported so far have been made oNa,Co; and CaQO,4 of 99.9% purity with the nominal com-
either sintered specimens or poorly characterized polycrysposition of NgCo0O,, wherex=0.50, 0.60, 0.70, 0.75, 0.80,
talline samples. These materials are often found to be inhd.85, and 0.90, respectively. Well-mixed powders were
mogeneous, especially with respect to the distribution 6f Naloaded into alumina crucibles and heated at 750°C for a day.
ions in the lattice and in the intergranular spaces, thgONa The heated powders were reground and calcined at 850°C
decomposition of the compound, and with respect to the infor another day. They were then shaped into cylindrical bars
tercalation of water. In polycrystalline samples water may inof =6x100 mm by pressing at an isostatic pressure of
part accumulate in intergranular spaces. The possible pres=70 Mpa and then sintered at 850°C for 1 day in flowing
ence of second phases leaves a degree of uncertainty wherygen to form feed rods.
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The sintered feed rod was premelted with a mirror scan- 92
ning velocity of 27 mm/h by traveling the upper and lower 0,0 [
shafts, respectively, to densify the feed rod. After premelting
the =20 mm long rod was cut and used as a first seed and [
hereafter the grown crystal was used as a seed. The feed rog; -0.4

102

100

and the growing crystal were rotated at 15 rpm in opposite§- 06 S

directions. In an attempt to reduce the volatilization of Na € ‘:_%;

and obtain stoichiometric and large crystals, we applied trav-g -0.8 % 2
o

eling rates of 2 mm/h under pure oxygen flow of Aol
200 ml/min throughout the growing procedure.
To obtain superconductivity the Na was partly extracted 12

by placing crystals in a 6.6 mol BfCH;CN solution for gl
100 h and then washed out by,® or D,O solutiont Alter- 0 200 400 600 800 1000 1200
natively, the electrochemical technique was also applied, us- Temperature (C)

ing an aqueous solution of NaOH as an electrolyte to par- ) . ) .

tially extract Nal4 This technique needs a longer time for FIG. 1. DTA-TG analysis by melting single crystalline

deintercalation and the resulting superconducting transition§.7C0Q, heated at 7.5C/min up t01200-1250°C in flowing

are generally sharper. oxygen.T;=1035°C,T,=1092°C.(a) The melting behaylor of the
Thermogravimetric and differential thermal analy&i&- compound, andgb) temperature dependence of the weight loss.

DTA) was performed to study the melting behavior as well

as the time and temperature dependence of the water loss $ignificantly higher in the melt, i.e., C&’, according to the

the compound. Single crystal XRD measurements were caghemical reaction equation shown above. A sharp weight loss

ried out with the x-ray diffractometaPhilips PW 1719us-  down to 95.5 wt% occurs a,=1092°C and the melt starts

ing CuKa radiation, a scanning rate of 0.02° per second, ando get homogeneous and stable. A nearly constant weight of

6—26 scans from 5° to 90°. The lattice parameters obtaine@5-5—-94.9 wt% is obtained in the temperature range of

from XRD data were refined using the commercial programl120—1200°C, where the melt becomes homogeneous. A

PowderCell The chemical composition was determined by en-monotonic weight loss of melt may happen under constant

ergy dispersive x rafEDX) including microanalysis. The heating. Evidently, the melting behavior described so far in-

as-grown crystals were cleaved parallel to the a axis and th@icates that the compound melts incongruently.

composition of Na and Co was determined across the

leav ion. .
cleaved sectio B. Crystal growth, morphology and composition

ll. RESULTS AND DISCUSSIONS When sintering NgCoO, at high temperatures the decom-
A. DTA-TG analysis position of NgO can cause a weight loss and I_ead to an
inhomogeneous compound. During growth a white powder

The melting behavior of a NgCoO, crystal was investi-  of Na,O is observed to volatilize and deposit on the inner
gated by DTA-TG measurements and with a high temperawall of the quartz tube. By weighing a total weight loss
ture optical microscope. A small single crystal was loaded in~6 wt% is estimated. This value is in agreement with the
a Pt crucible and then heated in the DTA-TG apparatusiata shown in Fig. (b), neglecting the tiny loss of oxygen
(NETZSCH STA-449¢ at 7.5°C/min up to 1200-1250°C caused by the change of cobalt valence state. The main loss
in flowing oxygen. Two peaks with ons@;=1035°C and of Na,O is found during the premelting procedure, estimated
T,=1092°C on the DTA curve correlate very well with a to be~5 wt%. This is probably caused by incompletely re-
weight loss observed by TG, as shown in Figg) &nd 1b),  acted NaO when the mixtures are calcined and sintered
respectively. No weight changes were observed belowprior to premelting. An additionad=1 wt% loss is estimated
980°C. after the crystal growth.

The high temperature optical microscope study of the During growth, we observed that the molten zone is rather
crystal reveals that the liquid phase appear$;at1035°C  stable and NgCoO, single crystals with a sodium content of
but the solid phasécrysta) still remains up tol,=1092°C,  x=0.70-0.90 are easily formed. In contrast, it is hard to
exhibiting a coexistence of solid and liquid phases. Our ingrow the compound witk=0.50—0.60. The analysis of EDX
vestigations indicate that thermal decomposition ofindicates that as-grown Na@oO, with x<<0.6 consists of
Na, /Co0, is accompanied by a weight loss down to multiphases like NgD and CoQ and Na-poor phases.

96.2 wt% and the compound decomposes into a sodium-rich Large and high quality single crystals were obtained with
liquid and a cobalt-rich solid phase!®assuming chemical a growth rate of~2 mm/h in flowing oxygen atmosphere.
reaction of the melt as follows: N&oO,->CoO  Figure 2 shows a typical crystal ingot of N&L0O,. The 00l
+liquid (Na-rich) + xO, — (T>1100°Q - >[Na,o0, g5 * face is readily cleaved mechanically due to the layered struc-
(*=homogeneous melt ture of the compound. Figure(@ displays one-half of the

The dissolution of CoO occurs in the Na-rich melt and bycrystal platelets with the0l face of several charea cleaved
taking up oxygen from the environment. Thus it results in anfrom an ingot with a sharp scalpel. Figurébg shows the
increase of weight because the oxidation state of cobalt isther half after water intercalation. Crystal grains are found
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in the central and edge region of the crystal. It is found that
the Na content varied with the temperature fluctuations dur-
ing growth. At the beginning of the growth the temperature
fluctuations are high and cause a high variation of the com-
position, Ax=0.11, determined within 2 cm from the seed-
ing part of the ingot. Following the seeding part the variation
FIG. 2. Atypical Na Co0; single-crystal ingot obtained by the of Na content is smallet\x~0.06, when the molten zone is
optical floating zone technique. maintained in a stable state by a constant temperature. A
volatilized white NaO powder accumulates on the inner
wall of the quartz tube after the growth is completed. The

to the rod axis. . . loss of Na may result in a reduction of its concentration in
A convex growth interface is observed to be the boundarxhe as-grown crystal. The white b@ powders also form on

betwele_n the reguans Of. srl‘gallesr ‘:’I‘_T]d Iargeilr dlame.ter]; of thd?ene surface of crystals if the samples are stored under ambi-
crystal Ingot, as shown in Fig. 3. The smaller one Is formeg, ¢ -, jitions. Therefore the grown crystals must be stored

when the ”_‘0"6” zone was at lower temperatures and thlﬂ an evacuated container or a desiccator to avoid decompo-
larger one is formed at higher temperatures. Therefore thg..

i . o Sition.
unequal diameter for an ingot indicates that temperature fluc-
tuations occurred at the molten zone during growth. Accord-
ing to the temperature-composition relationship a fluctuation C. Sodium extraction and water intercalation
of heating temperature may result in a composition change of .
the molten zone, leading to an inhomogeneous compound<. The sijperconductl;ng_ pgass M&'YHZ? (0'26$X.
Figure 3a) shows that many tiny crystal grains of CopO <042y~13 is obtaine y chemically extracting

gather at the boundary of the growth front. These grains caff'€intercalationsodium from NaCo0,, followed by hydra-

be removed after the deintercalation treatment, as shown PN Single crystals of NaCoO, were placed in the oxidiz-

Figs. 3b) and 3¢), respectively. It is important to maintain a N9 @gent Bg/CHsCN for around 100 h and then washed
stable molten zone by applying a constant heating temperé(‘-”th acetonitrile. The change of sodium content of the result-
ture for growing a high quality single crystal. Ing crystals is generally proportional to the bromine concen-

Single-crystal XRD powder diffraction of NaCoO, tration in the CHCN agent A crystal of NgCoO, with x

gives the following lattice parameters and cell volume of the= -3 €an result from a 6.6 mol BICH;CN treatment only

space groupP63/mmc: a=2.82784) A, ¢=10.90730) A after a long extraction time of more than 1 week. The Na
»=75.54 A3 Sintered p.owde.rs Show s,IightIy different X,RD extraction of the compound was also carried out by the elec-

patterns witha=2.82312) A, c=10.96288) A.! trochemical method. The composition N&0O, could be
For the determination of’Na/Co compositions using EDXachleved in aqueous solution of NaOH using a constant cur-

the crystal was scanned through a 3 mm segment along t nt of 0.5 mA and a voltage of 1.0V for over 10 days.

N . . Comparing the published 1-5 days extraction time for the
growth direction taking the average of four measured pomt?\lao goggpowdgrév3 the crystal ne):eds longer time to com-

plete the extraction, also depending on the dimension of the
sample. The slower extraction reaction in single crystals
compared to a powder is related to the higher perfection and
longer period of NaO—Nawithin the NaO layers. In pow-
der samples variations of the bonding are expected on a na-
nometer scale. Before and after the extraction treatment the
sodium composition distribution across the crystals was de-
termined by EDX.

The superconducting phase is then obtained by immersing
the deintercalated samples for a week isOH4D,0, or seal-
ing the samples in a water vapor saturated container at room
temperature. After hydration/deuteration a large increase in
thickness is visible to the naked eyes and the morphology
exhibits “booklet’-like layered cracks perpendicular to the
axis. The sodium intercalant layer expands with decreasing
Na content because the Na removal results in Co oxidation
(Co® ions oxidized to smaller C6 ions) and thus the Co9
layers are expected to shrihk. This suggests that a de-
FIG. 3. Two halves of an as-grown crystal ingot with the 001 créased bonding interaction between layers with decreasing

surface.(a) The as-cleaved half NaCoO, showing the Co@ in- Na content may result in a readily cleaving plane. Figures
clusions gathering at the growth boundary abil the other half ~4(@) and 4b) illustrate the layered structures of the non-
Nay 5C00, -yH,O showing the removal of the Ceanclusions after ~ hydrated and fully hydrated phases of the compound, respec-
deintercalation followed by hydrationc) The enlarged Co@ tively. According to the layered structure of )Go,,'7 24
inclusions. Co-0 bonds in the layer of Cg@orm an octahedral Co

Seed crystal ——— Growth direction ————»

ina T —

[l u,mqumpnum|nn|||4|upmum“nwn|n|\|n|\|n T
10 1 12 13 14 15 16 117/ 18 19 20 2

to grow preferably along tha crystallographic axis, parallel
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O Co
© nal,2

FIG. 4. Schematic drawing of the layered structures Ref. 17 ‘=" _
for (a) nonhydrated NggCoO, and (b) fully hydrated '
Nay 3£00,1.3H,0.

with high bonding energy and therefore the layer is structur-
ally robust, while the bonding energy is much weaker in the £~
NaO layer because the Nanobility is high and the number B
of bonds Na 1-0 is 6 and Na 2—0O only 4/3. Therefore the
Na layer readily collapses to leave the Gd@yer terminated

as the outermost surface of the crystal. Moreover, the inser.
tion of water induces two additional intercalated layers of
H,O between NaO and CgQi.e., from Co—Na—Co to
Co-H,0—-Na-HO—-Na-Co, which results in the expansion
of the ¢ lattice constant from 11.2 to 19.6 A. The hydrogen

in the new intercalated O layer bonds gxtremely Wegkly to FIG. 5. Three typical morphologies showing the layered struc-
the NaO and CoO layers. Therefore this compound is excefy e of NaCoO, single crystal.(a) After cutting an as-grown

tionally unstable with respect to a change of thermal, meg, co0, single crystal(b) the cracked layers perpendicular to the
chanical, or humidity environment. Under ambient, oxidiz-¢ axis of the Ng4CoO, crystals after deintercalation, arid) the

ing, and humid condition_s th_e crystal exhibits three typicalspooklet™like structure of the NgsCoO,1.3H,0 after being hy-
morphologies, as shown in Figs(ab-5(c), respectively. drated by HO.

tively). This is indicative of the increase of the volume of
hydrated phasg=1.3 while decreasing the nonhydrated and
To study the phase formation and problems with rehydrapartial hydrate phaseg=0 and 0.6. Afte a 1 day hydration
tion we have performed detailed x-ray diffraction experi-the sample becomes completely “wet.” This is indicated by
ments as a function of time. Single crystals of nonhydratedhe 002 reflections for thg=1.3 and 0.6 phases and the
Nag ;C00; have been partially hydrated in humid air to form disappearance of the 002 corresponding to the nonhydrated
Nay .C00,0.6H,0O under ambient conditions. These crystalsphasey=0. Note that the 002 reflection of the partial hydrate
were immersed in water with the surface exposed to air. with y=0.6 still exists until a further hydration up to 10 days.
Each measurement of the 002 reflections was carried out fdn the meantime the XRD pattern shows a continuously in-
a short time of=3 min to avoid the x-ray that emits off the creasing volume fraction of thg=1.3 phase reaching ap-
sample surface due to the rapid expansion of crystal thickproximately 100%. This suggests that the initial hydration
ness during the hydrating process. We show in Fig. 6 that thprocess takes place with two water molecules per formula
increase of intensity of th@02 reflection(corresponding to  unit (corresponding ty=0.6) inserted into the Na plane, and
y=1.3)is accompanied by a decrease of intensity of the othefollowed by a group of four(corresponding toy=1.3) to
two 002 reflections(corresponding ty=0.6 and O, respec- form clusters of NéH,0,).

D. Behavior of the crystals upon hydration and dehydration
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002, y=1.3 with y=1.8, 0.9, 0.6, 0.3, and 0.1 for temperatures near 28,

i M 50, 100, 200, and 300°C, respectively. These data suggest
the existence of the following majority phases at the
respective temperatures: N£00,1.8H,0(c=22.38 A),
Nag C00,0.9H,0(c=13.85 A), Nay :C00,0.6H,0(c
=13.82 A, Nay :C00,0.3H,0(c=12.49 A), and
Nay :£00,0.1 H,0(c=11.20 A. A change ofAy=0.33 cor-
responds to the removal of one water molecule per formula
unit. A complete removal of watdy=0) from the compound
takes place at temperatures over 600°C.

Analysis of DTA-TG confirms that the fully hydrated su-
26 [deg] perconducting phasg/=1.3 is rather unstable between 20
fe 6 and 50°C due to the rapid loss of water. However, the su-

Single crystal x-ray diffraction patterns for perconducting phase can be reformed easily by rehydration.
Nag 5C00,-yH,0 measured by immersing the sample in deionizedThe inset of Fig. 7 shows the time dependence of the loss of
water. The initial crystal contained the phaseg 0.6 and 0. water at room temperature. A rapid loss of water frgm
. . =1.8t0 0.6 occurs in 1.5 h and then no further weight loss is
_ The hydrated volume of a crystal is a function of hydra- ghserved during 1 day. XRD reveals that the flat plateau
tion time since the water diffuses gradl_JaIIy. in thie pIang corresponding to a semihydrated NE00,0.6H,0 with y
whereas thec face is robust and no diffusion path exists - g appears to be a metastable phase under ambient condi-

along thec axis. A fully hydrated phasg=1.3, exhibiting  jons. This observation is in conflict with that for polycrys-
superconductivity, is achieved after 10 days for a crystal ot|jine powderg,

2x 2 mn? in the a/b direction, concomitant with the disap-
pearance of the partial hydrates of the other 802 reflec-

The fact of the matter is that a single crystal is only one

) Jaltic = YU domain containing crystal water while powder samples con-
tions, as shown in Fig. 6. This indicates that the phpse st of countless tiny grains with additional intergrain water.

=1.3 is formed with four water moleculgswo above and gy rthermore, the loss or absorption of water in a large single

two below to each Na ion when a longer diffusion time is ¢ystal is slower and more well-defined compared to pow-
allowed for creating a water-saturated environment duringyers due to the diffusion path along the Na layer.
the hydration process.

A thermogravimetric analysis can be used to monitor E. Mixt ¢ cell
the loss of water and stability of the hydrated phases as a - Miixture of cells

function of temperature and time. Figure 7 shows the tem- As shown in the TGA data, a fully hydrated sample can
perature dependence of water loss for an overhydraterklease water under ambient conditions to form partial hy-
sample(y=1.8) under a slow heating rate of 0.8/min in  drates. On the other hand, moisture from air can also be
flowing oxygen. The fastest loss of water occurs between 2@bsorbed by a nonhydrated sample to form hydrated phases.
and 50°C and is then again increasing upon further heatindgn order to quantitatively identify the hydrated phases in the
The sample weight is characterized by several relativelcrystal, the fully hydrated or nonhydrated samples were
broad plateaus in weight that are attributed to phaseplaced in a humid or dry atmosphere. They were then inves-

0 [ge——y=1.8 100 —y=18 ' - 100
?5 i T=RT
o t |
y <5l
=5 = Cf 3 b - 95
B 2 -
= 10 = 90-1 3 FIG. 7. Thermogravimetric analysis of an
E | ¢ Y09 §g y=0.60 1% overhydrated N@C00,1.8H,0 single crystal
r 4 1 J J E heated at 0.3 K/min in flowing oxygen. Inset:
2 a5 D time depend f the weight loss for th
D ] ime dependence of the weight loss for the same
= i 18 = specimen at room temperature in flowing oxygen.
J Initial mass of the sample was 112.965 mg. The
20 - loss was approximately 19 mg after heating and
| - 80 rehydrating.
25 |- 1
B 75
30 P SN [N TR N TR T TN [ T NN S|
0 100 200 300 400 500 600 700

Temperature ("C)
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-a—(0010)A

FIG. 8. The0Ol reflections showing the mix-
ture of cells and the lattice constants for the vari-
ous hydrates of NgCo00,-yH,O under different

(@) ambient conditiong(@ From humid to dry air for
2 days,(b) from humid to dry air for 5 days, and
(c) from dry to humid air for 5 days. Symb&
represents the phase p£0 for a=2.82A andc

(b) =11.195A, B: y=1.3 for a=2.82A and c
=19.710A, C: y=0.3 for a=2.82A and c
=12.478A, andD: y=0.6 for a=2.82A andc
=13.815A.

Intensity (arbitrary units)

26 (deg)

tigated by XRD and the results show a clear shift in the F. Electrical properties

positions of the0O0l reflections for both samples, yielding We have performed transport experiments of the out-of-
several variations in the axes of the unit cells, as shown in plane resistivityp, as a function of time to further character-
Figs. 8a-8c). The fuly hydrated phase of ize the hydration dynamics. The initially nonhydrated single
Nay .C00,1.3H,0 is exposed to dry air at ambient condi- crystal Ng ;CoO, was immersed in deionized water through-
tions for 2 and 5 days, resulting in the formation of four andout the whole experiment. In contrast to measurements of
three mixed phases, as shown in Figa) &nd §b), respec- powder samples in humid air, this configuration reduces the
tively. Exposing a nonhydrated jlgCoO, to humid air for 5 influence of internal and external surfaces and allows a full
days results in two additional phases ofgNao0,0.3H,0  and continuous hydration. Furthermore, the out-of-plane re-
and Ng ;C00,0.6H,0, as shown in Fig. @). Note that the sistivity p. measured in four-point geometry should be less
phase withy=0.6 is always observed in the crystals underaffected by the intrinsic Na ion conductivity.

ambient conditions. Nevertheless, to prevent a fully hydrated In Fig. 9 and its inset plateaus and steps of the resistivity
phase from losing water we suggest that the samples bare given with increasing hydration time followed by a con-
stored in a saturated humid atmosphere. Nonhydratetinuous and then more gradual decrease. Noteworthy is the
samples can be stored in an evacuated container to prevesimilar resistivity reached after 8 h compared to the initial
decomposition from absorbing water in air. state. This implies that, although irreversible by nature, the

FIG. 9. Time dependence of the out-of-plane
resistivity p, of a Ng ;C00,-yH,0 single crystal
during a hydration process. The number given as
footnote at the plateaus is hydration time in
hours.

p, (mQcm)

0 5 10 15 20
t (hour)
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thickness of Co@ changes from 1.93 A for the nonsuper-

" g ) conducting phase to 1.84 A for the superconducting pkase.
S e Ve / e It is clear that the layer thickness of Ce@hrinks after
E 1. / / IS —o—x=0.28 reaching full hydration or doping tg=1.3 and a change in
< S/ N+ the oxidation state of Co occurs because the oxidation state
g 27 / / R directly corresponds to the carrier density in the Gteyers
3 .. /:’ / g’ P and some electron transfer off the cobdaRecently, also a
s / / Ed FcT S ! relation between the axis parameter and the superconduct-
% e £ R ing transition temperature has been discusgedeverthe-
I g ; less, the change of the room temperature resistivity during
g 5. g" f x=0.42 the hydratio_n process is not only influenced _by _the _expansion
g S4p J 7P . of spacing in the system but also by a redistribution of the

6 z ‘ s charge in the Co®layer.

0] Temperature (K)

G. Superconductivity
Temperature (K
P ® The superconducting properties of the fully hydrated

FIG. 10. Zero field CoolingZFC) magnetic characterization of Single crystals were characterized by ac susceptibility using a

the NgCo0,1.3H,0 single crystals showing the onsE{x). Inset:
optimumT,=~4.9 K with x=0.42 as ZFC and FC measurement.

superconducting quantum interference device magnetometer.
Zero field cooling measurements with 10 Oe applied field are
presented in Fig. 10. Superconducting transition tempera-

hydration process has also reversible stages. During hydradres T,=2.8—4.9 K with x=0.28—0.42 are observed, re-
tion the water molecules enter the compound to intercalatepectively. Some of our samples showed strong diamagnetic
between the CoPand Na layers. The CoQayers are sepa-
rated by a trilayer of HO/Na/H,0. The dominant effect is 20%. The transition width for each sample is different, which
to expand thec-axis lattice parameters, from about 11.2 A is very likely caused by an inhomogeneous sodium concen-
without water(nonsuperconducting phase ;N&00,-yH,0,
y=0) to 12.5 A (semihydrated phase;=0.6) and then to
19.5A when the system becomes superconductyrgl.d
(see Fig. 6. This is related to an enlarged interlayer distancethe inset of Fig. 10. As shown in the inset the onset of the
from 5.6 to 6.9 A and then to 9.8 A. The stepwise increasesuperconducting transition is identical with the divergence of
from t, to t5 occurs at a constant chemical doping level andFC and ZFC data.
suggests that the increase of spacing between the Gy©
ers leads to the resistivity increase. We propose that the rapigentration of NgC00,1.3H,0. For samples withx<0.22
steps followed by plateaus map the dynamics of domains ofind x=0.47 there is no superconducting transition detect-
hydration that are pinned at the random potential of the locable. The opeliclosed symbols correspond to the ongketw
defect landscape. The more gradual decrease of resistivitgmperature extrapolatgttansition temperatures. These data
for t>12 hours must therefore be related to a more homoagree to some extent with a recent study that shows a con-
geneous state of the system.
There is an interesting correlation between the Cla@er
and the superconducting transition temperature, i.e., thpowder sampledThis latter dependence motivated the pro-
Co-0O distance decreases with increasihd’ The layer

ac signals and a superconducting volume fraction as high as

tration and partial hydration that affect the superconducting
state of NgC00,1.3H,0. The T, values vary with Na con-
tent, showing the highedt. at 4.9 K withx=0.42 given in

Figure 11 is the plot off; as a function of sodium con-

stantT, for Na contents up to 0.3%.However, they conflict

with the superconducting “dome” af.(x) demonstrated for

posal of intrinsic critical concentrationg,;=~1/4 andXg»

7
5 T
4 - —_— /
- 2 FI_G. 11. Superconducting phase diagram as a
- function of Na content. Open circles correspond
l‘_b 3 ] to the onset temperature, while closed square cor-
p@q ) respond to a linear low-temperatures extrapola-
tion. The dashed line is a guide to the eye. The
dashed bar marks the metal-insulator transition
2 i} _ ] observed in nonhydrated BlgCo0..
1 '_f' 1 1 1 1 1 - 1
0.20 0.25 0.30 0.35 0.40 0.45 0.50

x in Na,Co0O, 1.3 H,0O
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~1/3 related to charge ordering instabilities of the possible interrelation of Na content, hydration, and structural
Co**/Co0*.20 In the present single crystal study the upperdetails on well-characterized samples with the higigst

limit is shifted to much higher concentrations,,~ 0.45.

This implies that a charge ordering &},~1/3 is not rel- IV. CONCLUSION

evant to suppress..

However, the superconducting phase now extends close to Using TG-DTA we found that N&goO, is an incongru-
the phase line where nonhydrated,N@oO, shows a metal- ently melting compound, and single crystals can be grown
insulator transitiot® This is evidence for an importance of Using the optical floating zone technique. Both nonhydrated
electronic correlations at higherin the hydrated system. It and fully hydrated crystals are exceptionally sensitive under
is interesting to note that the Néel transitidy~20 K is amblent'condltlons. The study of XRD and TG indicates that
also only observed for higher Na concentrations0.75 in  the sémihydrated phase }&00,0.6H,0 is more stable than

nonhydrated crystals, and that this ordering temperature dod8€ Other compositions under ambient conditions. The XRD
not change appreciably with Bulk antiferromagnetic order patterns show the presence of cells correspond]ng to the co-
has been proven using myon spin rotation and other thermoe_X|stenc:e of several different hydrated phases in rehydrated

) . . samples. The superconducting transition temperature of
dynamic experimental techniquéghe exact nature of the Na,C00,1.3H,0 is only weakly influenced by the Na con-

ordering, however, is still in need of further investigation. tent. The highesT,~4.9 K is found forx=0.42, i.e., in the

Evidence for superlattice formation and electronic insta. ,yimity of a metal-insulator transition observed in the non-

bilities either due to Na or C6/Co** charge ordering are hydrated phase withk=0.5. The hydrated compound is
recently accumulating for nonhydrated @O, with X gyongly unstable concerning its chemical, structural, and
=0.5, but also to some extent for other stoichiomet€S. electrical properties. We therefore propose to carefully rein-
Hydration contributes to the charge redistribution due to itsyestigate the recently claimed evidence for unconventional
effect on the Co@ layer thickness and the formation of syperconductivity on single crystals.

Na(H,0), clusters that shield disorder of the partially occu-
pied Na sites. The above-mentioned instabilities should in-
fluence the superconducting state as they modulate the elec-
tronic density of states and change nesting properties of the We thank E. Briicher, G. Gotz, E. Peters, and E. Winckler
Fermi surfacé:® Further studies are needed to investigate dor technical support.
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